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Abstract

Objective—Using the Medtronic Activa® PC + S system, this study investigated how passive
joint manipulation, reaching behavior, and deep brain stimulation (DBS) modulate local field
potential (LFP) activity in the subthalamic nucleus (STN) and globus pallidus (GP).

Approach—Five non-human primates were implanted unilaterally with one or more DBS leads.
LFPs were collected in montage recordings during resting state conditions and during motor tasks
that facilitate the expression of parkinsonian motor signs. These recordings were made in the naive
state in one subject, in the parkinsonian state in two subjects, and in both naive and parkinsonian
states in two subjects.

Main results—LFPs measured at rest were consistent over time for a given recording location
and parkinsonian state in a given subject; however, LFPs were highly variable between subjects,
between and within recording locations, and across parkinsonian states. LFPs in both naive and
parkinsonian states across all recorded nuclei contained a spectral peak in the beta band (10-30
Hz). Moreover, the spectral content of recorded LFPs was modulated by passive and active
movement of the subjects’ limbs. LFPs recorded during a cued-reaching task displayed task-
related beta desynchronization in STN and GP. The bidirectional capabilities of the Activa® PC +
S also allowed for recording LFPs while delivering DBS. The therapeutic effect of STN DBS on
parkinsonian rigidity outlasted stimulation for 30-60 s, but there was no correlation with beta band
power.

Significance—This study emphasizes (1) the variability in spontaneous LFPs amongst subjects
and (2) the value of using the Activa® PC + S system to record neural data in the context of
behavioral tasks that allow one to evaluate a subject’s symptomatology.

john5101@umn.edu.
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Introduction

Abnormal patterns of mesoscale brain activity, detected as local field potentials (LFPs), have
been associated with a range of brain disorders (Silberstein ef /2003, Hammond et a/ 2007,
Kane et a/ 2009) and are increasingly being explored as potential biomarkers for the
successful application of pharmacological (Kuhn et a/2006) and deep brain stimulation
(DBS) (Eusebio et a/ 2011) treatments. Given the relative stability of LFP signal quality over
time (Wang et a/2014), tools that can detect LFPs from chronically implanted electrodes
could also provide new opportunities to investigate longitudinal disease progression in the
context of DBS therapy and how LFP features could serve as feedback signals to guide
adaptive DBS therapies (Little et a/2013) on a subject-specific basis. The recent
development (Stanslaski ef a/2012) and application (Rouse et a/2011) of bidirectional
interfacing technology, which does not require additional hardware beyond that typically
used in DBS surgery, is thus timely.

In this context, it becomes important to gain a deeper understanding of how the spectral
content of LFP signals varies with behavior, especially those behaviors that relate to the
manifestation of a particular neurological or neuropsychiatric disorder. Such behaviors can
be motor as in the case of patients with essential tremor (Koller ef a/1997), Parkinson’s
disease (PD) (Burchiel et a/ 1999, Benabid 2003, Deuschl et a/ 2006), and dystonia (Kumar
et al 1999, Kupsch ef a/2006). And, they can also be characterized by cognitive processes,
fluctuations, or episodes as in cases of obsessive-compulsive disorder (Greenberg et a/
2006), treatment-refractory depression (Mayberg et a/ 2005, Malone et a/ 2009), epilepsy
(Fisher et a/ 2010), pain (Levy et a/1987), and addiction (Luigjes et a/2012).

Indeed, for studies that have compared LFP recordings across patients diagnosed with
(Bronte-Stewart et a/ 2009, Rosa et a/ 2011, Smart et a/2015) or animal models rendered to
have (Leblois et a/2007, Devergnas et a/ 2014, Connolly et a/ 2015) a particular brain
disorder, the resting-state recordings have shown an intriguing degree of variability amongst
subjects. While the basis for this variability is likely multi-faceted, one major contributing
factor is likely to be that symptomatology is often characterized by episodic events,
fluctuations in symptoms over time, or symptoms that are not necessarily expressed in
resting-state conditions. Thus, in addition to the insights that recording LFP activity
longitudinally in a given subject could provide, it is also important to consider the
importance of integrating LFP recordings with behavioral context.

Animal studies have shown that the spectral content of LFP signals in the basal ganglia-
thalamo-cortical network in rats (Leventhal ef a/2012) and non-human primates (Sanes and
Donoghue 1993, Murthy and Fetz 1996, Courtemanche et a/ 2003) is modulated during the
use of a cue and the generation of voluntary movements. Studies in humans have
investigated these movement-related LFP oscillations in the context of PD symptoms and
therapy (Levy et al 2002, Williams et a/ 2003, Kihn et a/ 2004, Alegre et al 2005, Doyle et
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al 2005); however, the experiments have been limited to short periods of time, to the use of
tasks that can be performed with the patient seated or reclined in the operating room
environment, or to a limited number of patients.

While many behavioral tasks are more suited to study in humans (Rosa ef a/ 2013), studies
with relatively simple behavioral contexts (e.g. voluntary or cued reaching, passive joint
manipulations, or gait dynamics) are well suited to preclinical studies in animal models.
These preclinical studies are important in that they can provide data on the consistency of
neural recordings over time, which may not be practical in an intraoperative or clinical
follow-up setting in humans. Preclinical studies can also provide important insights into the
physiological mechanisms of DBS (Hashimoto ef a/2003, Dorval et /2008, Agnesi et al
2013) and translation of new approaches to deliver more robust DBS therapy (Rosin ef a/
2011) that would otherwise not be feasible or be overly tedious to test in patients.

The Activa® PC + S system (Medtronic, Minneapolis, MN) is a chronic implant poised to
address these challenges with simultaneous sensing and stimulating capabilities, which
enables chronic, untethered recordings from DBS implants (Stanslaski et a/2012, Bronte-
Stewart ef a/2014). In this study, we have used this device in five non-human primates to
illustrate how the system can be used to investigate mesoscale neural activity within the
subthalamic nucleus (STN) and globus pallidus (GP) in the context of several behavior tasks
relevant to the expression of parkinsonian motor signs.

Five adult rhesus macaque monkeys (macaca mulatta, G (?, 9.0 kg, 17 y.0.), F (%, 8.6 kg, 24
y.0.), L (%, 6.5kg, 18 y.0.), M (?, 6.5 kg, 14 y.0.), and P (?, 9.5 kg, 19 y.0.)) were used in this
study. All procedures were performed in compliance with the United States Public Health
Service policy on the humane care and use of laboratory animals, and were approved by the
University of Minnesota Institutional Animal Care and Use Committee. Subjects were
implanted with 19 mm (inner diameter) cephalic chambers (Crist Instruments, Bethesda,
MD) (Elder et a/2005). Monkeys were trained to sit quietly with head restrained in a
primate chair while recordings were performed. The monkeys were familiarized with a
reaching task and were trained to permit passive manipulation of the joints without resisting
with voluntary muscle contractions. The subcortical targets were localized using serial
microelectrode mapping techniques involving epoxy-insulated tungsten electrodes
(impedance 0.8-1.2 MQ measured at 1 kHz, FHC Inc, Bowdoin, ME). Firing rates and
patterns of single neurons along the microelectrode track were used to localize the borders
of these nuclei (Miller and DeLong 1987, Filion and Tremblay 1991, Hutchison et a/1998).
The sensorimator sub-region of each target nucleus was further identified using passive
manipulation of the wrist, elbow, shoulder, ankle, knee, and hip joints to identify neurons
responsive to passive movement (DeLong et a/ 1985, Filion ef a/ 1989, Agnesi et a/ 2013).

For monkeys F and M, a scaled-down version of the Medtronic 3387 DBS lead consisting of
annular contacts (diameter 630 4m, height 500 4m, vertical pitch 1000 4m, NuMed,
Hopkinton, NY, four contacts in F, eight contacts in M) was implanted in the STN area
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(figure 1(a)). Monkeys L and M were implanted with the same scaled-down lead in the GP
(table 1). Monkeys G and P were implanted with two radially segmented DBS arrays
(rDBSA, NeuroNexus, Ann Arbor, MlI), one in the STN and one in the GP. The rDBSA
consisted of eight rows of four elliptical contacts arranged radially around the lead (height
600 m in GP, 330 um in STN, width 300 xm, vertical pitch 750 um, radial pitch 90°). All
implants were unilateral, and locations of electrode contacts were identified by co-
registering post-implant computed tomography scans with pre-operative 3 T /7 T magnetic
resonance imaging using Monkey Cicerone (Miocinovic et a/2007). The monkeys were
implanted for 2—24 months prior to the time of LFP recordings.

MPTP injections

Monkeys G, F, L, and P were rendered parkinsonian through intracarotid and intramuscular
injections of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, 0.2-0.6
mg kg1, 1 mg mI~1 solution, Sigma Aldrich or Toronto Research Chemicals). The induced
parkinsonian state was evaluated using a modified Unified Parkinson’s Disease Rating Scale
(mUPDRS), which rated parkinsonian motor signs for limb akinesia, bradykinesia, rigidity,
tremor, feeding, defense reaction, gait, posture, balance, turning, and food retrieval (mild: 3—
13, moderate: 18-28, and severe: 32-42).

LFP Recordings

A non-implanted Activa® PC + S pulse generator with sensing amplifier circuitry was used
to record LFPs by connecting the two extension cables to contacts on the implanted DBS
leads, while the device casing was grounded to the animal. For each subject, the electrode
contacts determined to be in or near the sensorimotor territory of the target nucleus were
used for the recordings. Table 1 details the monkey-specific experiments. The Activa® PC +
S system records LFPs differentially between two contacts to reduce common noise from
movement, electrical stimulation, and far-field electromagnetic sources. In monkeys G and P
who were implanted with rDBSAs, individual neighboring contacts in a single row were
mechanically coupled to form a virtual-annular contact that could produce voltage fields
equivalent to the annular contacts of the DBS leads implanted in monkeys F, L, and M
(Keane et a/2012). Prior to recording, the monopolar and bipolar impedances were
measured using the N’Vision programmer (Model 8840, Medtronic, Minneapolis, MN) to
ensure the connections were secure.

LFPs were assessed in the context of spontaneous activity, passive movement, and active
movement. Spontaneous neural activity was recorded with the animal awake and sitting
quietly in its primate chair. The Activa® PC + S system was capable of recording one time-
domain channel per extension cable with a total memory capacity of 1 MB, which allowed
for 16 min of recording two simultaneous time-domain channels at 422 Hz (34 min at 200
Hz, 8 min at 800 Hz). A 0.5 Hz high pass filter and 100 Hz low pass filter were implemented
on the device to remove baseline drift and hardware noise. By connecting all four contacts
on a single extension cable to four contacts on the DBS lead, the montage-recording mode
automatically measured 60 s recordings from all combinations of contact pairs in sequence.
These montages were repeated on five different days and power spectral densities were
averaged over the days. To ensure the Activa® PC + S was able to record a viable signal,
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LFPs at rest were also recorded using the Alpha Omega SNR (Alpha Omega, Israel,
sampling rate 1.395 kHz) or the TDT RZ2 (Tucker Davis Technologies, Alachua, FL,
sampling rate 3.052 kHz) on the same day but not simultaneously. LFPs were referenced to
the titanium headpost or cephalic recording chamber. Offline, the signals were re-referenced
to replicate the bipolar montage that was recorded by the Activa® PC + S.

After MPTP injection, LFPs were recorded from monkey P while the researcher passively
manipulated the joints to assess rigidity for at least 50 repetitions within the same recording
session. In monkeys F and L, the Activa® PC + S was used to record bipolar LFPs during
the performance of at least 100 trials of a cued-reach task for a liquid reward within the
same recording session. The task required the monkey to place its hand on a capacitively-
coupled startpad, which output a value of 0 V at baseline and 5 V when a hand was present.
After a variable delay (1-1.5 s), a circular target (diameter 10 cm) appeared on a touch
screen in 1 of 8 positions whereupon the primate was required to reach and touch the screen
within 1 s in order to receive a liquid reward.

The montage mode of the Activa® PC + S system recorded bipolar LFPs from all six pairs
of the four electrodes serially, which enabled the researchers to identify the location and
spacing of the electrode pair that maximized the signal of interest (figures 1(b) and (c)). If
the source of the spectral content were modeled as a single dipole, then the montage
recordings could be used to deduce the location of said source. A source located on the
plane, directly between the two recording contacts and orthogonal to the lead axis would be
canceled out by the differential amplifier and indiscernible in the recordings. However, as
the source moved away from the centroid towards one electrode, and in turn away from the
other, its amplitude would increase. Similarly, the amplitude of a source of fixed signal
strength outside the electrode pair, or ‘far-field’, would decrease as the distance between the
source and the electrodes increased.

Recordings during both passive and active movement required synchronization of the
Activa® PC + S system with an external motion capture system (Vicon, Centennial, CO;
Motion Analysis, Santa Rosa, CA), which monitored limb location using infrared cameras
and reflective markers. This involved connecting the DBS contacts in parallel to an external
recording system (AlphaOmega SnR and Alphalab; TDT RZ2) and delivering a
synchronization signal via several different methods. Prior to passive manipulation, a
recording system was connected in parallel to the DBS lead, and the Activa® PC + S pulse
generator was programmed to deliver a 10 Hz pulse train at 0.5 V amplitude for 1-2 s as a
synchronizing signal for later analysis. The external system was disconnected for the
duration of the recording to avoid introducing extraneous artifacts and then reconnected
afterwards. The same stimulation was delivered after the passive manipulation trial and
recorded by both the Activa® PC + S system and the external system, allowing for
synchronization in post-processing. During the cued reaching task, the first Activa® PC + S
system time domain channel was connected to two contacts on the DBS lead and the second
time domain channel was connected to the startpad through a 1000x voltage divider for
continuous syncing between the task and neural activity.
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In monkey F, spontaneous LFPs were recorded between C1 and C3 during cathodic
stimulation through C2 in reference to the metal casing of the Activa® PC + S pulse
generator. The stimulus waveform was a 60 ys long initial pulse, amplitude between 0.6 V
and 1.6 V, followed by a 3 ms long charge-balancing anodal pulse, all delivered at a
frequency of 180 Hz, for a duration of 30 s. The mUPDRS was measured at each stimulus
amplitude and during the =120 s washout between stimulation periods to ensure that
parkinsonian rigidity returned to baseline levels prior to initiating the subsequent trial. These
recordings were repeated on four separate days.

Data analysis

Data was analyzed offline using custom Matlab scripts (v2014a, Mathworks, Natick, MA)
and the Chronux toolbox (Mitra and Bokil 2008). The first two seconds of each recording
were trimmed to remove the settling offset imposed by the recording amplifiers. Recordings
were then passed through a moving window line noise subtraction algorithm to remove
significant 60 Hz sign waves and subsequently detrended to remove continuous noise
artifacts and drifting baseline, respectively (Levkov et a/ 1984). Time—frequency analysis
was performed using the multitaper method. For spontaneous recordings, spectrograms of
the recorded LFPs were calculated using a 2 s wide moving window with 200 ms step size
and three tapers, resulting in a 1 Hz multi-tapered frequency resolution. Artifacts were
identified based on the spectrogram power averaged over all frequencies. Windows with an
average power exceeding a threshold were removed from further analysis. The threshold was
initially set to mean plus two standard deviations of the average power over time duration of
the recording. Each recording was then visually inspected, and the threshold was adjusted up
if the recording contained many movement artifacts. The overall power spectral density
(PSD) was calculated by averaging over the remaining spectrogram windows. Bands of
interest were defined as low frequencies (<10 Hz), beta (10-30 Hz) and gamma (30-90 Hz).

Offline, LFPs and motion capture data were synchronized in time and resampled to the
sampling rate of the external system (2.79 kHz). Periods of continuous cyclic movement
were identified in the motion capture data and the joint angle was derived from the position
of the joint and its two neighboring joints. The LFP was split into epochs by triggering to the
maxima or the minima of this joint angle. LFP epochs containing artifacts as defined above
were excluded from further analysis. The spectrogram was calculated for each epoch
individually using a 200 ms duration window with 20 ms step and 5 Hz resolution. A control
dataset was calculated by artificially choosing 100 trigger times (i.e. angle maxima times)
that were randomly selected within the time period of passive manipulation. The mean and
standard deviation of the control spectrograms across the randomly selected trigger times
were used to normalize each spectrogram triggered to the angle maxima times of the actual
passive manipulation motion trajectories.

LFPs recorded during the cued-reaching task were synchronized with the task information
and kinematic data offline. The LFP was split into epochs by triggering to (1) the time of cue
presentation, (2) the time when the hand left the startpad, or (3) the time when the monkey
touched the target. For each epoch, the spectrogram was calculated using a 250 ms duration
window with 25 ms steps and 4 Hz resolution. LFP epochs containing artifacts were
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excluded. The task spectrograms were compared to a bootstrapped population of
spectrograms that were calculated from random trigger points.

For both passive- and active-movement triggered data, a nonparametric cluster permutation
test was used to select time—frequency clusters that were significantly different from the
bootstrapped data (Maris and Oostenveld 2007). Specifically, the #value was calculated for
each time—frequency sample of the spectrogram and thresholded at a significance level (a =
0.05). Clusters were selected based on time—frequency adjacency using the built-in Matlab
function bwboundaries.m, and the cluster-level statistic was defined as the sum of the #
values within each cluster. For the cluster with the largest #value, Monte Carlo random
permutation was used to estimate the distribution of the cluster-level statistic. This
population was used to calculate the p-value for all clusters, and those with p < 0.05 were
considered significant.

Data was collected during stimulation on four days. Spectrograms were calculated using a 2
s duration window with no overlap and 1 Hz resolution. For each day, the spectrogram was
normalized by subtracting the mean and dividing by the standard deviation of the
spectrogram during the initial rest period (stimulation off). Normalized data were combined
across days and outliers were identified as points exceeding five standard deviations from
the mean and were excluded. To evaluate carryover effects of stimulation, spectrograms
were calculated in the 10 s period immediately following stimulation, a 1 s duration window
with no overlap was used to increase the number of windows within the short time period.
The ANOVA was used to test for the effect of stimulation amplitude on normalized beta
band power with a Tukey post-hoc comparison.

Eight DBS leads were implanted in the STN and GP area of five primates (figure 1(a), table
1). While the sensorimotor areas of the nuclei were targeted in all subjects, the relative
location of each implanted lead, as determined by alignment of the pre-operative MRI and
post-operative CT, varied somewhat across monkeys. All STN leads were implanted using a
parasagittal trajectory. A portion of the lead was ventral to the STN in F; the lead was in the
medial STN in G, in the lateral STN (sensorimotor territory) but near to the internal capsule
in P, and along the posterior margin of STN in M. The leads targeting the GP were
implanted on a coronal plane in animals G, L, and P, while the GP lead for monkey M was
implanted using a parasagittal trajectory resulting in a more anterior placement of the dorsal
electrode contacts along the lead. Histological confirmation of the DBS lead locations were
confirmed in monkeys P, G, and M, whereas monkeys F and L remain active on other studies
so the implant locations were not confirmed with histology for these two subjects.

Comparison of Activa PC + S recordings to commercial electrophysiological recording

systems

LFPs were recorded using three different recording systems, including the Activa® PC + S
(table 2). Figure 2 shows example power spectra from the Activa® PC + S and each
commercial system. Although the Activa® PC + S had a lower sampling rate, the spectral
content was comparable between the Activa® PC + S and the Alpha Omega SNR (AOQ,
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figure 2(a)) and the TDT RZ2 (TDT, figure 2(b)). The content was similar despite the
different recording set ups: the Activa® PC + S recorded all LFPs as a bipolar reference
between two DBS contacts on the same lead, whereas the commercial systems recorded
single ended LFPs between one DBS contact and the far-field headpost. The Activa® PC +
S had integrated high-pass filter at 1 Hz and low-pass filter at 100 Hz, which attenuated both
low and high frequency power in comparison to the commercial systems. Recording
channels that showed a 60 Hz component were consistent across recording systems. Monkey
M (naive) showed little or no beta peak in both types of recordings, indicating the lack of
beta in the Activa® PC + S recordings is not due to hardware filters or noise floor. In
monkey L (MPTP treated), large beta peaks were seen in both types of recordings, and
relative beta amplitudes between montage pairs were consistent across Activa® PC + S and
TDT recordings. Some dissimilarities between the Activa® PC + S spectra and the
commercial LFPs may be attributed to differences in signal over time and not differences in
the systems, as the LFPs were not recorded simultaneously. However, this provided
sufficient evidence that the Activa® PC + S could adequately record LFP activity from DBS
leads and is useful for chronic electrophysiological studies.

Spontaneous LFP activity as a subject-specific sighature

Bipolar LFP montage recordings were performed for all DBS leads while the monkeys were
awake and resting in their primate chairs. In the case of recording from all six pairs of the
four electrodes serially, a montage recording session was 3-9 min in duration. The montage
recordings across nuclei and subjects were highly variable and were more predictive of the
individual subject than of the recording location or parkinsonian state (figure 3). A
distinctive 1//7 falloff was observed in all recordings and illustrated the low amplitude power
in the higher frequencies. The data was filtered into the beta band using a 4th order
butterworth filter, and the root mean squared (rms) power was calculated across time. The
beta band signal had a median amplitude of 2.6 £V rms with 25% and 75% quantiles of 1.0
and 6.5 /4 rms, and the gamma band signal had a median amplitude of 1.5 /4 rms and a
quantile range of 1.2-3.2 /M rms. The Activa® PC + S had a detectable noise floor of 1 ;M
rms, which allowed for detection of LFP signal below 100 Hz (Rouse ef a/2011). Some
pronounced spectral content in the beta band was seen in all montages except for that from
the GP of monkey M.

In monkeys G and P, montages were recorded in both the naive and parkinsonian states. For
each recording, the 1/77 falloff was estimated by fitting a five parameter nonlinear model
PSDmodel = A/(C™ F+ B)+ D (Connolly et al2015). Then, the beta power was normalized
by the power in the gamma band in PSDyogel. This method adjusted for the variable 1/#
falloff between recordings while avoiding the impact of noise artifacts, such as the 60 Hz
line noise or 82 Hz artifact seen in some power spectra in monkeys P and G (figure 3). An
ANOVA based on ranked values showed a significant effect of monkey, disease state, and
recording nucleus (F= 138, p= 4e — 141) on normalized beta. The rank-sum test showed a
significant increase in beta power from the naive to the parkinsonian state in the STN (o=
7.54e — 17) and GP (p = 1.26e — 8) of monkey P. However, beta power decreased in both the
STN (p=6.05e — 36) and GP (p= 3.00e — 34) of monkey G. Figure 4 shows PSDs recorded
over multiple days from two contact pairs in monkeys F and P. A beta peak was present in
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all contact pairs and its shape and size varied between monkeys (F=21.56, p= 3.36e — 5) as
tested by the ranked ANOVA. To test stability in frequency content across recordings,
differences between populations of PSDs were tested by using Jackknifing U-statistics
(Arvesen 1969). Frequencies above 50 Hz were excluded due to noise artifacts and low
signal to noise ratio. Overall frequency content in the 0-50 Hz range varied between
monkeys F and P (p=0.0012) and with parkinsonian state in monkey P (p = 0.0295).
However, U-statistic showed frequency content from the same electrode pair in the same
parkinsonian state was not significantly different over multiple recordings (0 =0.1936—
0.3655).

LFPs were differentially modulated by passive manipulation of the joints

In monkey P, LFPs were recorded while the researcher performed passive manipulation of
the arm and leg joints (figure 5). The resting LFP in the STN of monkey P in the
parkinsonian state showed a bimodal distribution with a small peak at 10 Hz and a larger,
wider peak around 25 Hz (figure 5(b)). The LFP was triggered to the maxima of the elbow,
knee, and shoulder angles to visualize manipulation-locked modulations (figure 5(c)).
During manipulation of the elbow, there was a decrease at the time of maximum angle
followed by an increase in power between 5 and 25 Hz. Manipulation of the knee joint
preferentially modulated the 25 Hz activity with a non-significant desynchronization before
angle minima followed by a significant synchronization. The shoulder joint modulation only
significantly affected frequencies <5 Hz during manipulation of the elbow and wrist but not
the ankle.

STN and GP differentially encoded voluntary movement

Monkeys F and L were trained to perform a cued-reaching task during LFP recording.
Monkey F performed the task with a reaction time of 375 £ 113 ms (mean £ SD) and a reach
time of 449 + 231 ms. Monkey L had a reaction time of 311 + 130 msec and a reach time of
353 + 132 ms. The modulation of LFP oscillations was examined relative to cue
presentation, movement onset, and target touch (figure 6). In the STN of monkey F,
significant modulations were only observed within or below the beta band frequency range.
The beta desynchronization was strongest in the cue-triggered spectrograms and occurred 57
ms following the appearance of the cue. The frequencies <4 Hz showed a strong pre-cue
synchronization during the 0.5 s window when the animal was returning to the startpad,
followed by a desynchronization during the baseline period. A beta desynchronization was
also present in the GP of monkey L and occurred 300 ms following the cue or 100 ms
following the start of movement. In addition, synchronization in the low frequencies (<10
Hz) and the gamma bands were also seen at the time of movement onset in the GP. In both
the monkeys, synchronization in the beta band followed the time of target touch.

Recording LFPs in the vicinity of DBS

In order to sense LFPs during the delivery of stimulation, the time-domain recording channel
was connected to the two contacts surrounding the stimulation contact, which was
referenced to the IPG casing and the monkey’s headpost (i.e., pseudo-monopolar
stimulation). In this manner, the stimulation artifact would be recorded at the same
amplitude on each of the sensing contacts and cancel out upon differential amplification. For
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monkey F, stimulation was delivered at 180 Hz because it was a therapeutic frequency and
produced the smallest spectral artifacts in comparison with 120 Hz and 140 Hz. The
therapeutic effect of stimulus amplitude on arm and leg rigidity was determined using
mUPDRS (scale of 0-3). Off stimulation, arm and leg rigidity were rated at 2/3. With 0.6 V
stimulation, arm rigidity was 1.5/3 and leg rigidity was 2/3. At 1.3 V, arm rigidity was
reduced to 0.5/3 and leg rigidity was abolished (0/3). Some rigidity returned at 1.6 V and
motor side effects due to stimulation were seen at amplitudes =1.7 V. Side effects resolved
immediately when the stimulation was turned off, but the therapeutic effects of stimulation
took 30-120 s to wash out.

In monkey F, the Activa® PC + S system was connected to STN 1 (monopolar impedance
2310 Q) and STN 3 (2304 Q) for sensing and STN 2 (2618 Q) for monopolar stimulation. A
beta band peak was present in the LFP recorded between STN1 and STN3 without
stimulation (figures 7(a)—(c)). This peak persisted during stimulation at sub-therapeutic and
therapeutic voltages. A line noise artifact due to the stimulation/sensing hardware interaction
was seen at 25 Hz. The amplitude of the normalized beta peak (limited to 10-20 Hz to avoid
the 25 Hz noise) during stimulation was significantly correlated with the stimulation
amplitude (one-way ANOVA, F=22.45, p=1.52e — 34). The Tukey post-hoc test showed
stimulation at 0.6-1.9 V significantly increased beta power compared to off stimulation
(figure 7(d)). There was also a significant increase in overall power (excluding 25 Hz and 60
Hz because of artifacts) during stimulation (F= 176, p= 1.33e-189), likely because of
stimulation artifact bleeding into the recording due to the slight impedance mismatch of the
two sensing electrodes. Post-hoc tests showed significant differences in overall power
compared to off stimulation at amplitudes =1.3 V, but not at 0.6 V. The change in beta power
could not be separated from this artifact.

Because the stimulation artifact may have influenced the change in normalized beta power
seen in the on stimulation case, the effect of stimulation was examined by analyzing the LFP
during the 10 s immediately following the termination of stimulation. It was observed that
therapeutic effects of stimulation persisted after the end of stimulation for 30-60 s,
depending on the stimulation amplitude, although side effects did not persist. However, there
was no effect of stimulation amplitude on normalized beta power in the ten seconds
following the termination of stimulation (F=1.13, p= 0.34, figure 7(¢)). The change in beta
power seen during stimulation while rigidity was reduced did not persist after the
termination of stimulation, even though the improvement in rigidity remained.

Discussion

In this study, we have used the Medtronic Activa® PC + S system to demonstrate the
diversity in LFP recordings observable among subjects, implant targets, disease states, and
behavioral states. We have shown the Activa® PC + S is capable of recording LFPs from
DBS electrodes implanted in the basal ganglia and produces signals comparable to
commercial systems. Passive manipulations modulated the spectral content of the LFPs
differently in the STN and in the GP and with different joints. This indicates that the LFP is
sensitive to receptive fields within these target nuclei. When the monkeys made voluntary
movements during a cued-reaching task, the LFPs were strongly time-locked to different
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aspects of the movement. A desynchronization was seen in the beta band in both the STN
and the GP, but the desynchronization occurred early, near the time of the cue in the STN
versus after the time of the movement initiation in the GP.

Technical considerations for recording LFPs from chronically implanted DBS leads

The LFPs presented here were recorded with an externalized device so we could sample
neural signals from multiple subjects. When these devices are used in human studies, they
are fully implanted, which will reduce artifacts from external noise sources and from
movement. This will also ensure a more consistent connection between the DBS leads and
the implanted device, which will reduce variability in sensing impedances. However, the
impedances will still be subject to changes in the electrode-tissue interface caused by the
immune system response, the type of tissue surrounding the electrode, and the delivery of
stimulation through specific contacts (Butson et a/2006, Lempka et a/ 2009). Impedance
matching is critical for sensing in the context of stimulation because the system relies on
differential amplification to cancel out the stimulation artifact (Zhang et a/ 2012).

The montage recording mode was a useful tool for demonstrating the subject-specific
signature of the LFP spectrum. There was large variability in the power spectra between the
two target nuclei in the five monkeys. This heterogeneity has also been demonstrated in
human studies (Kuhn et a/2005, Bronte-Stewart et a/2009, de Solages et a/2010). The
LFPs did not show trends correlated with parkinsonian disease state across subjects, as beta
power increased in monkey P but decreased in monkey G in the parkinsonian compared with
the naive state. In addition, the hypothesized beta biomarker increased during all amplitudes
of stimulation, although rigidity was reduced only at DBS between 1.3 and 1.7 V (figure 7).
While these results do not point to beta power as a strong biomarker correlated with
parkinsonian motor signs across subjects, it does show inter-subject variability consistent
with previous non-human primate studies comparing oscillations across parkinsonian states
within subjects (Leblois et a/ 2007, Devergnas et al 2014, Connolly et a/2015). The
underlying neural state during spontaneous activity can be influenced by many factors
including attention, alertness, and mood. Using the Activa® PC + S to record LFPs in a
controlled situation such as a movement or cognitive task may produce statistically stronger
and more consistent results across subjects, as was seen in the cued-reaching task studied
here (figure 6).

Because the device automatically records from all possible pairs of electrodes, the montage
recording mode could be used to understand the baseline spectral content for a specific
subject and identify the recording contact pair that yields the most salient biomarker of
interest (Zaidel et a/2010). The location and spacing of this pair may be informative for
diagnosis and stimulation parameter selection (Bour et a/ 2015). However, when comparing
the best location and spacing for sensing across subjects, the variability in the location of the
lead in the context of the target nuclei must be accounted for. While LFPs varied across
animals and between pairs of electrodes, LFPs for a given electrode pair in a given state (e.g.
naive, mild, moderate, severe parkinsonian condition), the LFPs remained fairly consistent
from day to day, which indicates that these signals are reliably sensed.
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Synchronizing recording of external measures with the LFP is non-trivial and necessary for
correlating neural activity with behaviors and symptoms (Ryapolova-Webb et a/2014). The
exact sampling rate of LFPs by the implantable device could vary compared to external
recording systems. For this reason, synchronization at the start and finish of a recording was
necessary to precisely align the LFPs with external measures. In this study, the device was
externalized which gave us flexibility in the type of signals to be used for synchronization.
In a fully implantable device, an external stimulation source such as a transcutaneous
electrical nerve stimulation unit could be used to deliver sub-threshold stimulation to the
patient’s skin, which would induce an artifact on the sensed LFP and could also be recorded
by the external system.

LFPs in the context of movement

The motor deficits seen in movement disorders are often state and action dependent
(Jankovic, 2008), which suggests that neurophysiological signals should also be studied in
the context of different behaviors to understand direct correlates of these motor signs. For
example, essential tremor patients show tremor when posturing or moving the limbs, but
minimally at rest (Connolly ef a/2012). Parkinsonian akinesia and freezing of gait are
thought to involve interruption in the voluntary generation of movement, so the symptoms
themselves are not problematic in a resting state, and therefore perhaps not detectable
(Schaafsma et a/2003).

The strength and significance of a biomarker of a parkinsonian symptom is also likely to
vary based on the nucleus and receptive field from which the LFP is being recorded. As
shown in figure 6(b), the timing of an event-related beta desynchronization occurred earlier
in the STN than in the GP, which could result from a shorter time delay of the hyper-direct
projections from the motor cortex to STN (Nambu et a/ 1996) and from the fact that cortical-
striatal activity lags cortico-spinal activity (Turner and DeLong 2000). Movement-locked
modulations in the LFP oscillations have been seen in the human STN both unilaterally
(Levy et a/ 2002) and bilaterally (Alegre et a/ 2005), in the human peduncolopontine nucleus
(Androulidakis et a/2008) and in non-human primate striatum (Courtemanche et a/2003)
and sensorimotor cortex (Murthy and Fetz 1996). Furthermore, modulation in the beta band
of the LFP has been shown to be cue-related in the STN of humans (Williams et a/ 2003,
Doyle et al 2005), in the motor cortex in non-human primates (Sanes and Donoghue 1993),
and at multiple locations throughout the basal ganglia-cortical network in rats (Leventhal et
al2012). Future studies investigating the relative timing of task-related oscillations across
brain networks will need to record LFPs across multiple nuclei in the same subject (de
Hemptinne et a/ 2015). The dual-channel recording capability of the Activa® PC + S will
make this possible in humans.

Potential of chronic sensing during stimulation

Physiologically optimized DBS, in which a patient’s own brain activity is used as the
feedback signal to adjust stimulation parameters (Van Gompel et a/2010), holds significant
promise for patients to obtain a more consistent level of therapy and for clinicians to provide
a more efficient method to program a patient’s DBS settings. Such approaches are currently
in active development for PD (Van Gompel e a/ 2010, Rosin et a/ 2011, Little et a/ 2013,
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Priori et al 2013), epilepsy (Fountas and Smith, 2007, Morrell, 2011, Sohal and Sun, 2011,
Berenyi et al 2012, Stanslaski et a/2012, Stypulkowski et a/2013), and essential tremor
(Brittain et a/ 2013, Santaniello ef a/2011). The present study extends previous application
of bi-directional interface hardware in animal models (Rouse et a/2011, Afshar et a/ 2012).
While closed-loop stimulation has promise, the role of biomarkers in disease state,
behavioral context, and therapy level need further scrutiny. Additionally, it is important to
consider adapting hardware (Rossi et a/2007, Rouse et a/ 2011, Afshar et a/ 2012, Kent and
Grill 2012) and software (Sameni et a/ 2007) settings to minimize stimulation artifacts
detected in the LFP recordings during DBS. These approaches may further limit the
appearance of stimulation artifacts that we observed even though the impedances of each
recording electrode were well matched. While the observed increase in spectral power in the
beta band during therapeutic STN-DBS in the present study is not consistent with other
studies reporting a decrease in beta band power during STN-DBS therapy (Eusebio et a/
2011, Little et a/2013), our findings in one animal are consistent with observations showing
that not all subjects exhibit a decrease in beta band activity in the STN area with STN-DBS
in the OFF medication state (Giannicola et a/ 2010). While one cannot rule out spectral
artifacts related to stimulation contaminating the LFP data fidelity during DBS, the
observation that the therapeutic effects of STN-DBS lingered after stimulation but the
increased spectral power beta band activity did not linger suggests that the observed spectral
changes were not directly related to improvement in rigidity for this subject.

Conclusion

In this study, we used the Medtronic Activa® PC + S neurostimulator (Stanslaski et a/2009,
Rouse et al2011, Afshar et a/2012, Stanslaski ef a/2012) in a non-human primate model of
PD to illustrate how the system can be used, in a range of behavioral contexts, to investigate
neural mechanisms of disease and therapy. This data show that mesoscale brain activity
sensing from deep brain structures can provide rich electrophysiological databases of
subject-specific biomarkers that should be collected in the context of behavior relevant to the
expression of symptomatology.
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Figure 1.
(a) Four types of DBS leads were implanted in the five monkeys, denoted as leads 1-4 (here,

and in subsequent figures). (b) Example LFP snippets from a single 60 s montage recording
are shown from monkey F using lead 4. LFPs were sampled from each pair of leads in
series, 0-1 (black), 0-2 (blue), 0-3 (cyan), 1-2 (green), 1-3 (orange), and 2—3 (red).
Corresponding PSDs are shown in (c), and the inset highlights the variability in the spectral
peak.
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Figure 2.
The LFP frequency content measured with the Activa® PC + S (red) and with commercial

systems taken on the same day. LFPs were recorded from a DBS lead in the subthalamic
nucleus (STN) of monkey M using the Alpha Omega SNR (AO, gray) and the Activa® PC +
S (a). LFPs were recorded from a DBS lead in the globus pallidus (GP) of monkey L using
the Tucker Davis Technologies RZ2 (TDT, blue) and with the Activa® PC + S (b).
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Figure 3.
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monkey. (a) PSDs recorded in the naive state are on the left and (b) PSDs recorded after

implanted in the subject.
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Figure 4.
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LFP frequency content was consistent across multiple recording sessions in monkey F (a)
and monkey P (b). Spectral content differed between recording contacts in the same monkey,
between monkeys, and between parkinsonian states.
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Figure 5.
LFPs recorded from monkey P during passive manipulation of the joints. Spectrograms

show spectral changes that depended on the phase of the joint movement. (a) PSDs for one
contact pair in the STN during manipulation of the joints. (b) Spectrograms of LFPs
triggered to the maxima/minima of the joint angle during manipulation of the elbow, knee,
and shoulder. Black outlined regions show time—frequency clusters that were significantly
different from a bootstrapped population.
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Figure 6.
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LFPs recorded from monkeys F and L during 278 and 194 trials of a cued-reaching task,
respectively. (a) The task required the monkey to place its hand on a startpad and wait for a
variable 1-1.5 s. After the presentation of a cue/target (blue circle) in a random location, the
monkey reached out and touched the cue/target (green) and received a reward. (b), (c) For
monkeys F and L, respectively, color plots show spectral modulation triggered to the time of
cue presentation (left), the time when the hand left the startpad (middle), and the time when
the target was touched (right) relative to the variable baseline. Synchronization relative to
baseline was colored yellow/red and desynchronization was colored blue. Black outlined
regions show time—frequency clusters that were significantly different from a bootstrapped

population.
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Figure 7.
LFPs recorded from monkey F STN1-STN3 during monopolar stimulation through STN2 at

rest. (a) Spectrogram of the LFP with stimulation off, during stimulation at increasing
amplitudes (black bars), and during washout times. (b) The blue trace shows beta power
(10-20 Hz) normalized by the power at rest before stimulation, and the red trace is the
normalized beta power smoothed with a 5 s window. (c) PSD at baseline (black) and during
stimulation at increasing amplitudes (colors) showed a spectral peak in the beta band (10-20
Hz) and a stimulation artifact at 25 Hz (arrow). (a)—(c) Data from a single day. (d) Boxplots
of normalized beta power at increasing stimulation amplitudes recorded across four days.
Asterisks (*) indicate conditions significantly different from stimulation off (0 V), as
determined by an ANOVA and Tukey post-hoc test based on ranks. (e) Boxplots of
normalized beta power during the 10 s washout period immediately following stimulation at
increasing amplitudes.
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Table 1

Details of DBS implant type, location, and experiments conducted in each monkey. The monkeys recorded
were rendered systemically (S) or hemi-(H) parkinsonian with MPTP. PM: passive movement; CRT: cued-
reaching task. Experiments were repeated over multiple days (a) and trials () as indicated by parentheses.

Disease State Experiment
Monkey ID GP Lead Type STN Lead Type Naive Parkinsonian Spontaneous PM CRT
G 1 2 X X-S X (d=12) — —
F — 4 — X-H X (d=9) — X (t=278)
M 3 3 X - X (d=4) — —
L 3 — — X-H X (d=3) — X (t=194)
P 1 2 X X-S X (d=13) X (t=89) —
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Table 2

Specifications of the recording systems compared in this study (Rouse et a/2011).

Medtronic Activa® PC + S

Alpha Omega SNR

Tucker-Davis RZ2 & PZ5

Highpass filter
Lowpass filter
Sampling rate
Input impedance
Input range

Noise floor

0.5Hz

100 Hz

800 Hz max, 422 Hz LFP
1MQ

+10V

Minimum signal to detect 1 /A/rms
differential with a noise floor <300 nV/VHz

0.075 Hz

10 kHz

44 kHz max, 1.395 kHz LFP
100 GQ

+62.5 mV

5 /NMrms single ended

0.4 Hz

7 kHz

25 kHz max, 3.052 kHz LFP
1GQ

+500 mV

3 /NMrms single ended 0.75 /Mrms
differential
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