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Bidirectional deep brain stimulation (DBS) platforms have enabled a surge in
hours of recordings in naturalistic environments, allowing further insight into
neurological and psychiatric disease states. However, high amplitude, high
frequency stimulation generates artifacts that contaminate neural signals and
hinder our ability to interpret the data. This is especially true in psychiatric
disorders, for which high amplitude stimulation is commonly applied to deep
brain structures where the native neural activity is miniscule in comparison.
Here, we characterized artifact sources in recordings from a bidirectional DBS
platform, the Medtronic Summit RC + S, with the goal of optimizing recording
configurations to improve signal to noise ratio (SNR). Data were collected
from three subjects in a clinical trial of DBS for obsessive-compulsive
disorder. Stimulation was provided bilaterally to the ventral capsule/ventral
striatum (VC/VS) using two independent implantable neurostimulators. We
first manipulated DBS amplitude within safe limits (2—5.3 mA) to characterize
the impact of stimulation artifacts on neural recordings. We found that high
amplitude stimulation produces slew overflow, defined as exceeding the
rate of change that the analog to digital converter can accurately measure.
Overflow led to expanded spectral distortion of the stimulation artifact, with
a six fold increase in the bandwidth of the 150.6 Hz stimulation artifact
from 147-153 to 140-180 Hz. By increasing sense blank values during
high amplitude stimulation, we reduced overflow by as much as 30% and
improved artifact distortion, reducing the bandwidth from 140-180 Hz artifact
to 147-153 Hz. We also identified artifacts that shifted in frequency through
modulation of telemetry parameters. We found that telemetry ratio changes
led to predictable shifts in the center-frequencies of the associated artifacts,
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allowing us to proactively shift the artifacts outside of our frequency range of
interest. Overall, the artifact characterization methods and results described
here enable increased data interpretability and unconstrained biomarker
exploration using data collected from bidirectional DBS devices.

deep brain stimulation, implantable devices, artifact characterization, bidirectional
platforms, neuromodulation

Introduction

The recent expansion of deep brain stimulation (DBS)
technologies has enabled unique opportunities to record
intracranial neural activity during concurrent stimulation
(Stanslaski et al., 2012; Gilron et al., 2021). One example of such
an implantable neural stimulator (INS) is the Medtronic Summit
RC + S (Herron et al., 2018; Stanslaski et al., 2018). The Summit
RC + S has been used extensively to record neural activity
in patients with neuropsychiatric disorders, enabling insights
into DBS impact on symptom states (Johnson et al, 2021;
Provenza et al., 2021). Not only do bidirectional systems provide
opportunities for biomarker exploration in ecologically valid
environments, a prerequisite for adaptive DBS, but they also
allow us to better understand the underlying pathophysiology
of neurological and psychiatric disorders (Gregg et al., 2021;
Johnson et al., 2021; Pal Attia et al., 2021; Provenza et al,,
2021). However, the artifacts introduced by high amplitude,
high frequency stimulation present a challenge for analysis and
interpretation of the relatively lower amplitude neural signals
that we aim to measure (Zhou et al., 2018; Dastin-van Rijn et al,,
2021). Therefore, it is important to identify potential artifact
sources introduced by stimulation, developing techniques to
mitigate these artifacts during data collection.

Previous studies have recommended optimal sense
configurations for neural data collected during concurrent
stimulation across several indications and stimulation targets
(Anso et al., 2022). Optimal configurations include sensing in a
bipolar configuration where two contacts flank the monopolar
stimulation channel, using active recharge, and blanking the
amplifier during the stimulation pulse (Stanslaski et al., 2018).
Additional recommendations revolve around wireless data
transmission settings specific to the Summit RC + S: telemetry
mode and telemetry ratio (Stanslaski et al., 2018). Telemetry
mode determines the distance required between the INS and
communication telemetry module to minimize data loss.
Greater telemetry modes allow for increased data transmission
at the expense of decreased telemetry range. Similarly, telemetry
ratio values describe the proportion of uplink to downlink
transmission timelines between the INS and tablet. Higher
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ratio values lead to slower transitions from uplink to downlink
transmission, spending more time transmitting data from
the INS before receiving instructions from the computer.
Lower ratio values should be considered in implementation
of “distributed” closed loop stimulation to decrease latency
between symptom onset and stimulation changes (Herron et al,,
2018).

Despite this guidance regarding the proper configuration
of the Summit RC + S to collect neural data, stimulation
and system-related artifacts can remain a significant problem,
particularly when the SNR is very small. Furthermore, most of
these artifact mitigation strategies have focused on movement
disorders (e.g., Parkinson’s disease and essential tremor)
applications, for which neural activity in the DBS target region is
relatively large (20-100 pVrms) and DBS amplitude is relatively
small (less than 2 mA) (Koeglsperger et al., 2019; Ansé et al.,
2022). For example, DBS for psychiatric disorders including
OCD employ high amplitude (4.5-6 mA) stimulations to the
VC/VS, whereas the amplitude of target neural features are
reported between 1-20 wVrms (Provenza et al., 2021; Adkinson
et al,, 2022; Anso et al., 2022). The injection of high amplitude
stimulation leads to a decrease in SNR, making biomarker
detection more difficult (Kopell et al., 2004; Greenberg et al,,
2006; Ramasubbu et al., 2018). This injection of stimulation
artifact, specifically at high stimulation amplitudes, can lead
to “slew overflow,” a form of signal distortion that occurs at
the analog to digital converter (ADC), where the time-voltage
signal changes too rapidly for the ADC to properly resolve the
signal.

Here, we have characterized common artifacts that appear
in response to high amplitude, high frequency stimulation
for OCD. Specifically, we report data from a clinical trial for
developing adaptive DBS in OCD using the Medtronic Summit
RC + S (NCT04806516). First, we characterize stimulation
artifact distortion due to slew overflow. Next, we identify low
frequency artifacts (below the 150 Hz stimulation artifact)
modulated by communication parameters. Lastly, we provide
recommendations for sensing and telemetry configurations to
optimize data quality, hence allowing for biomarker exploration
in the entire frequency spectrum.
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FIGURE 1

Front view of view of the reconstructed cortical surface and
subcortical structures. Schematic includes DBS leads (purple)
and electrocorticography contacts (green). Colored regions
indicate the anterior commissure (orange), caudate (dark blue),
putamen (light blue), and VS (yellow).

Materials and methods

Study participants and design

Three patients with medically refractory OCD were
implanted with the Medtronic Summit RC + S as part of an
IRB and IDE approved study. DBS leads were placed bilaterally
in either ventral capsule/ventral striatum (VC/VS; Figure 1) or
bed nucleus of the stria terminalis (BNST). Electrocorticography
(ECoQ) strips were also placed bilaterally in the orbitofrontal
cortex (OFC; Figure 1), a brain region implicated in OCD
symptoms of inflexibility and dysfunction of reward processing
(Goodman et al, 2021). Analysis in this paper specifically
highlights artifact characterization performed in P2, with a
comprehensive list of artifacts and stimulation parameters for
each participant listed in Table 1. Further, we include impedance
measurements recorded from P2 in Table 2.

Stimulation of the VC/VS (or BNST; P3) was performed
to treat OCD symptoms, using monopolar stimulation. Per
optimal configurations previously described, we used active
recharge and sensed in a bipolar configuration where two
contacts flanked the monopolar stimulation channel (Stanslaski
et al,, 2018). Neural recordings were obtained from bilateral
DBS electrodes targeted to VC/VS (or BNST; P3). Recordings
were bipolar, such that recording contacts in each hemisphere
(contact pair 0-2) flanked the monopolar stimulation contact
(contact 1). The fourth contact (contact 3) was unused. Two
bipolar recording channels were also obtained from the two
pairs of contacts (contact pairs 8-9 and 10-11) on both ECoG
strips. The DBS electrode (Medtronic Model 3387) and 4-
contact flexible ECoG paddle (Medtronic Model 5387A) in each
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hemisphere were connected to an implantable neural stimulator
(INS), such that each DBS electrode was connected to an
independent INS (de Hemptinne et al.,, 2021). In total, there
were three bipolar recording channels per hemisphere, one
sensing VC/VS activity, and two sensing OFC activity.

Sending and transmitting neural signals

Recordings were performed at a sampling rate of 500 Hz
with a high pass filter of 0.85 Hz. The low-pass filter stage 1
and 2 cutoff frequencies were both set to 100 Hz. Bidirectional
communication between the INS and tablet is facilitated by
the clinician telemetry module (CTM). Time-series voltage
data collected onboard the device is assembled into packets
and transmitted from the INS to a tablet via the Bluetooth
connection established by the CTM. Similarly, stimulation
parameter changes are sent from the tablet to the INS via the
same CTM connection. The CTM facilitates either uplink (i.e.,
data sent from the INS to the tablet) or downlink transmission
(i.e., data sent from the tablet to the INS), where transitioning
from one direction to the other is referred to as the telemetry
“ratio.” Higher ratio values indicate that more time is spent
transmitting packets of data from the INS before instructions
are sent from the tablet to the INS. Lower ratio values reduce
the time spent transmitting packets before sending a tablet
instruction, leading to a faster rate of change between data
collected and instructions relayed.

Telemetry “mode” is also a configurable parameter, which
is related to the range in distance allowed between the CTM
and INS. A greater telemetry mode requires a shorter range in
distance but enables maximum data transmission rates. For this
study, telemetry mode was set to the maximum value of 4.

Neural data analysis

Neural data analyses were performed offline, based on
previous methods employed using the RC + S platform (Gilron
et al.,, 2021; Provenza et al., 2021). LFP data were divided into
10-s segments. Any 10-s segments containing packet loss were
excluded from analysis. Power spectral density estimates were
calculated using pwelch in MATLAB. The mean of the entire
recording was subtracted from each 10-s window to account for
DC offset. A Hamming window was employed to divide each
10-s segment into 500-ms segments with 250 ms of overlap.

Stimulation amplitude modulation
testing

Amplitude testing was performed to gain insight into how
high (4.5-6 mA) vs. low (less than 2 mA) amplitude stimulation
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therapeutic stimulation amplitude and telemetry settings for each participant.

Participant P1 P2 P3
Stimulation target VC/VS VC/VS VC/VS VC/VS BNST BNST
Stimulation contact 1-/C + 1-/C + 1-/C+ 1-/C+ 2-/C+ 1-/C +
Therapeutic stimulation amplitude 5mA 5mA 5.3 mA 5.5 mA 4mA 4.5mA
Telemetry ratio 32 32 32 32 32 32
Identified stimulation artifact distortion pre-sense blank change? Yes Yes Yes Yes N/A N/A
Existing modulation artifacts? Yes Yes No Yes Yes No
Location of modulation artifacts (Hz) 27,54,97, 124 27,54,97,124 N/A 27,54,97,124 27,124 N/A
Stimulation artifact distortion was identified at default sense blank settings. Specific locations of modulation artifacts were identified when applicable.

TABLE 2 Impedances recorded on left and right hemispheres from P2 within 1 month of testing.

Hemisphere Left Right

Contact pair 0-1+ 0-2 + 0-3 + 1-2 + 1-3 + 2-3+ 0-1+ 0-2 + 0-3 + 1-2 + 1-3+ 2-3+
Impedance value (Ohms) 1,628 2,330 2,560 2,008 2,280 2,913 1,968 2,838 2,878 1,983 2,123 2,765

impacts the quality of neural recordings. Initially, stimulation
amplitudes were set to 5 and 5.3 mA for the right and left
hemispheres, respectively. Amplitude changes were made in
each hemisphere independently, while holding the amplitude
of the opposite hemisphere constant. For example, amplitude
in the left hemisphere was kept constant at 5.3 mA while
amplitudes in the right hemisphere were decreased in 0.5-
0.8 mA increments. Once 2 mA was reached, amplitude was
then increased in 0.5-0.8 mA increments. Neural data was
recorded for 1 min at each increment. In total, there were 2 min
of recordings at each amplitude increment in each hemisphere.
The 2-5.3 mA range was used to represent therapeutic
amplitudes used in both movement disorders (~2 mA) and
psychiatric disorders (over 4.5 mA). We focus specifically on
contact pair 0-2 recordings (VC/VS; P2) due to their proximity
to the stimulating contact. Prior to completing testing, each
hemisphere was set back to the initial therapeutic stimulation
parameter settings.

Measuring slew overflow

We quantified the percentage of neural data packets affected
by slew overflow to understand the impact of high amplitude
stimulation on our low amplitude recordings. Slew overflow
specifically refers to when the slew rate, or the maximum rate
of change over time, exceeds that measurable by the ADC.
Slew overflow occurs when the stimulation amplitude is very
high, such as in the case of psychiatric disorders where DBS
amplitudes typically exceed 5 mA. Increasing the stimulation
amplitude leads to larger rates of change in amplitude over time
(larger delta). Increasing stimulation frequency also increases
rate of change over time by producing more pulses per second
and effectively decreasing the amount time permitted to reach
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the same stimulation amplitude. Therefore, surpassing the
maximum delta permissible by the ADC limits its capacity to
properly resolve the input signal, leading to distortion.

The Summit RC + S platform stores data in 11 JSON files,
where data is transmitted as individual packets throughout a
recording (Sellers et al., 2021). One of the JSON files represents
the raw time domain data, where each packet contains a
field called Debuglnfo. This field indicates if slew overflow is
occurring within an individual packet via a numeric value. The
value refers to a binary representation (via 4 bits), indicating
the sensing channel(s) for which overflow is occurring. A value
of 0 indicates that there is no overflow occurring on any of
the contacts for the duration of that packet whereas a value of
1 (binary representation 0001) indicates slew overflow on the
first sensing channel. A value of 8 (binary representation 1000)
indicates slew overflow on channel 3. Finally, when overflow
is indicated on multiple channels, the Debuglnfo field contains
values above 3. For example, slew overflow on channels zero
(binary representation 0001) and three (binary representation
1000) would result in binary representation 1001. This would
present a numeric value “9” in the Debuglnfo field, indicating
both channel 0 and channel 3 have overflow.

Sense blank testing

We conducted sense blank testing to observe the impact of
increased sense blank time on measured slew overflow. Sense
blank time represents the time sensing is suspended during
the stimulation pulse, measured between when the stimulation
pulse is sent and the recording resumes (Hammer et al., 2022).
The minimum sense blank value is automatically set based
on pulse width, and the maximum is limited to 2.5 ms to
minimize loss of meaningful data. During testing, sense blank
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changes were made to both hemispheres simultaneously while
maintaining a constant stimulation amplitude of 5 mA. Five
sense blank values were tested: 0.755, 1.001, 1.5, 2, and 2.5 ms.
We specifically focus on impacts of sense blank on VC/VS
recordings (contact pair 0-2), recording for 1 min at each sense
blank setting.

Modulation of low frequency artifacts
and impacts from ratio changes

After identifying four consistent, focal spectral peaks in
the 0-125 Hz during amplitude and sense blank testing, we
analyzed impacts of stimulation frequency changes on artifact
location. Specifically, we aimed to understand if these artifacts
were aliases of the stimulation artifact at 150.6 Hz. We tested
three different stimulation frequencies, 50, 100, and 149.3 Hz,
recording for 1 min at each frequency.

To further characterize these artifacts, we tested the impact
of telemetry ratio on artifact frequency. Telemetry ratio values
can be configured within a range of 1-32. Prior to the artifact
mitigation work described here, all recordings in this study
were conducted using the maximum possible ratio value (32)
to maximize the amount of data sent to the tablet during
open loop DBS. Telemetry parameters were modified on both
INS’ simultaneously, such that data from both hemispheres was
always recorded using the same ratio at any point in time.
Recordings were captured for the entire 1-32 ratio range. Each
recording lasted 30 s (16 min of data total).

Results

Increasing stimulation amplitude leads
to distortion of stimulation artifact

We performed amplitude testing to understand the impact
of high amplitude stimulation on the quality of neural
recordings. Specifically, we conducted testing in the 2-5.3 mA
range on both the left and right hemispheres, changing the
amplitude in one hemisphere while keeping the amplitude in
the contralateral hemisphere constant. At lower amplitudes,
the left hemisphere artifact is localized to 150.6 Hz with small
side lobes (Figure 2A). Further, the harmonic at ~199 Hz is
relatively small in amplitude. Increasing stimulation amplitude
by ~0.5 mA increments led to increased distortion of the
stimulation artifact, producing a wider artifact bandwidth and
larger side lobes. Increasing beyond 3.8 mA, the side lobes
begin to subside as the artifact at 150.6 Hz becomes one large
and unlocalized curve. For example, the frequency range of the
localized stimulation artifact at 2 mA is ~147-153 Hz. At the
maximum amplitude of 5.3 mA, the bandwidth of the artifact
itself increased by about sixfold to ~140-180 Hz. Amplitude
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increases in the right hemisphere show a similar pattern
where greater amplitudes lead to more stimulation artifact
distortion (Figure 2B). Specifically, as amplitude is increased
past ~3.5 mA, side lobes dissipate as the stimulation artifact
bandwidth increases (~147-153 to 140-180 Hz). Contrastingly,
amplitude testing in the right hemisphere showed distortion
at all amplitudes, containing large side lobes around the
stimulation artifact at 2 mA.

Increasing sense blank times reduces
slew overflow and artifact distortion

To mitigate slew overflow in our neural recordings, we
performed sense blank testing in the 0.755-2.5 ms range on both
hemispheres, simultaneously (Figures 2C,D). Initially, a sense
blank value of 0.755 ms demonstrated 60 and 80% overflow
in the left and right hemispheres, respectively. This percentage
represents the percent of overall packets during which overflow
occurred. Increasing sense blank time led to mild decreases in
overflow percentage in the left hemisphere (Figure 2C), with the
lowest percentage being ~40% overflow at a sense blank time of
2 ms. The right hemisphere (Figure 2D) showed larger changes
in percent overflow, decreasing to ~30% at 2.5 ms. The dashed
red line in Figures 2C,D shows that amplitude was constant
throughout this testing, ensuring overflow changes were not due
to amplitude changes.

Next, we assessed how sense blank changes impacted artifact
distortion (Figures 2E,F). We observed that increasing sense
blank time led to decreases in peak power (dB) of both
stimulation artifact (150.6 Hz) and harmonic artifact (199 Hz)
in the left and right hemispheres. Further, increases in sense
blank time led to decreases in stimulation artifact distortion.
At a sense blank of 0.755 ms, peak (dB) of side lobes were
approximately —70 to —60 dB and —60 to —50 dB on the left
and right hemispheres, respectively. As sense blank increased
from 0.755 to 2.5 ms stimulation artifact side lobes decreased
in amplitude, leaving the artifact at 150.6 Hz with a localized
bandwidth of 147-153 Hz.

Increasing amplitude increases
low-frequency artifact amplitude

Throughout amplitude and sense blank testing, we observed
four artifacts in the 0-125 Hz range localized at 27, 54,
97, and 124 Hz. We observed that amplitude increases led
to larger artifact peaks at these frequencies (Figure 3A).
From 2 to 3.5 mA, the artifacts at 54 and 97 Hz were
not observed. Exceeding 3.5 mA, these two artifacts appear
and increase in amplitude with each incremental ~0.5 mA
amplitude increase. Increasing sense blank time from 0.755 to
2.5 ms reduced stimulation artifact distortion, revealing a fourth
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artifact at 124 Hz (Figure 3B). However, the sense blank changes
themselves appear to have no impact on the artifact or the
frequency it resides in.

Stimulation frequency changes
demonstrate no impact on
lower-frequency artifacts

To ensure the lower-frequency artifacts were not aliases
of the stimulation artifact at 150.6 Hz, we altered stimulation
frequency (Figures 3C-E). This testing was performed with
the original sense blank value of 0.755 ms. Decreasing from
150.6 to 149.3 Hz showed no change in artifacts at 27 and
54 Hz, although 97 Hz was no longer apparent (Figure 3C).
Similarly, decreasing frequency to 100 Hz still produced the
artifact at 27 Hz (Figure 3D). The last frequency tested was
50 Hz, where no artifacts were distinguishable (Figure 3E).
While the artifact at 54 Hz in Figure 3D and 27 Hz in
Figure 3E are not as easily distinguishable due to the presence
of stimulation artifact spectral lobes, some aspects of them
remain (boxed in red). Therefore, it appears that stimulation
artifact distortion due to slew overflow covered the 54 Hz
artifact, reflecting similar mechanisms to those demonstrated
with the 124 Hz artifact in Figure 3B. These do not seem
to be the result of aliasing because stimulation changes result
in no change to the artifact at 27 Hz. Although we tested a
stimulation frequency of 100 Hz, it is clear the artifact at 54 Hz
is not an alias since the expected alias would be at 50 Hz
rather than 54 Hz. Overall, stimulation frequency changes have
no impact on the frequency location of these lower-frequency
artifacts.

Telemetry ratio changes shift
lower-frequency artifacts

We next tested impacts of telemetry ratio changes on
data quality, where we specifically report analysis from ratios
2, 6, 8 10, 18, 26, and 32 on each hemisphere. Ratio
had minimal impact on left hemisphere recordings, where
no lower-frequency artifacts were observed (Figure 3F).
Although changing ratio occasionally demonstrated decreases
in stimulation artifact peak (dB) in the left hemisphere, these
changes did not seem to be related to ratio increases or
decreases. Contrastingly, ratio changes in the right hemisphere
appeared to shift the center frequency of the lower-frequency
artifacts (Figure 3G). As the ratio increases past a ratio of 2, two
artifacts appear around roughly 60 and 90 Hz. From ratio 6 to 8,
the center frequencies of the artifacts seem to move toward each
other and cross paths as ratio increases. Exceeding ratio values of
10, the artifacts appear to diverge. Once a ratio of 32 is reached,
two additional artifacts appear. At the final ratio tested of 32 two
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additional artifacts appear, making four in total: 27, 54, 97, and
124 Hz.

Amplitude, sense blank, and frequency
testing shows modulation artifacts
across subjects

Finally, we extensively analyzed two additional participants
(P1 and P3) for both stimulation artifact distortion and
lower-frequency, ratio modulated artifacts that we previously
described. Results of this analysis are in Table 1, where we
include information in each hemisphere on: stimulation target,
stimulation contact, therapeutic amplitude of stimulation,
telemetry mode and ratio, the presence of stimulation artifact
distortion, pre-sense blank changes, and the appearance of
lower-frequency artifacts. We define these lower-frequency
artifacts as “modulation artifacts,” as their center-frequency is
modulated by ratio changes. In P1, we found stimulation artifact
distortion in both hemispheres resulting from slew overflow.
Stimulation artifact distortion pre-sense blank increases are not
present in data collected from P3, as this was a later implanted
patient in which sense blank mitigation strategies had already
been implemented. We also assessed the presence of modulation
artifacts in P1 and P3. In P1, we identified all four artifacts in the
0-125 Hz range on both hemispheres. For P3, we identified two
artifacts at 27 and 124 Hz in the left hemisphere only.

Discussion

Evaluating and successfully mitigating all sources of artifact
in neural data sensed from chronically implanted leads is
a challenging task. This work builds upon our previous
work on the removal of high amplitude stimulation artifacts
from neural data collected onboard sensing-capable DBS
devices (Dastin-van Rijn et al., 2021; Chen et al, 2022). In
this study, our goal was to better understand the impact
of high amplitude, high frequency stimulation on VC/VS
recordings collected from bidirectional DBS platforms. The
VC/VS local field potential (LFP) activity has lower peak-to-
peak amplitude compared to other DBS targets used to treat
movement disorders (such as STN and GPi), exacerbating
already poor SNR during high amplitude stimulation. This
lower peak-to-peak amplitude is common in white matter
targets, which are increasingly being explored for psychiatric
indications (Riva-Posse et al., 2014; Liebrand et al., 2019; Zhu
et al, 2021). In this work, we characterized two previously
undocumented types of artifacts in VC/VS LFP data collected
in humans implanted with chronic, sensing-enabled DBS
devices. We demonstrated that high amplitude stimulation
leads to slew overflow and stimulation artifact distortion.
Further, we discovered the presence of lower-frequency artifacts,
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orange lines represent data recorded in the orbitofrontal cortex. Dashed red line represents the stimulation amplitude at each sense blank value.
(E,F) Sense blank impacts on left (E) and right (F) hemisphere spectral data.

Blue boxes refer to stimulation artifacts and harmonics in the

termed “modulation artifacts,” that responded to adjusting data
transmission parameters.

We first evaluated the utility of sense blanking for mitigating
stimulation artifact distortion and slew overflow. Stimulation
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was configured for this study using active recharge, where a
negative pulse is actively delivered to tissue to quickly balance
the charge at the implanted electrodes. Comparatively, passive
recharge relies on the post-stimulation accumulated charge at

frontiersin.org


https://doi.org/10.3389/fnhum.2022.1016379
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

Alarie et al. 10.3389/fnhum.2022.1016379
A B 30 Sense Blank Impacts on Lower Frequency Artifacts
35 0_75m55ms |
-40 J
-45 1
o o -50 1
ikl T
a a 951 1
£ 2 60t ]
-651 1
| =701
] -75
-80 I 1 L I 1 Il -80 N ' N ' L N
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
¢ Frequency (Hz) E Frequency (Hz)
0 Stimulation Frequency = 149.3 Hz 0 Stimulation Frequency = 100 Hz 0 Stimulation Frequency = 50 Hz
T T T T T T I I I
o
Z.50 -50 -50
a
7]
o
-100 ‘ ' ' ' 100 ' ' ' ' -100 ' ' : :
0 50 100 150 200 250 O 50 100 150 200 250 O 50 100 150 200 250
Frequency (Hz) Frequency (Hz) Frequency (Hz)
F Left Hemisphere Ratio Changes G Right Hemisphere Ratio Changes
-20r ' ' ' i 1 -20] ' ' " i
Ratio =2 Ratio =2
230 Ratio = 6 Ratio=6 |
Ratio = 8 Ratio=8 ||
-40 Ratio = 10| Ratio = 10
Ratio = 18| | Ratio = 18| |
@ 0 Ratio = 26 ) Ratio = 26
2 Ratio = 32| | 2 Ratio = 32 |
a -60F [=)
2 2
-70+ 1 ]
-80r 1 1
-90+ a -90r 3
-100 0 50 100 150 200 250 -100 0 50 100 150 200 250
Frequency (Hz) Frequency (Hz)
FIGURE 3
(A) Impact of amplitude increases on lower-frequency artifacts in the right hemisphere. The minimum amplitude tested was 2 mA (lightest) and
the maximum amplitude tested was 5.5 mA (darkest). (B) Impact of sense blank increases on lower-frequency artifacts in the right hemisphere.
The minimum sense blank tested was 0.755 ms (pink), and the maximum sense blank tested was 2.5 ms (dark pink). (C) 149.3 Hz, (D) 100 Hz, and
(E) 50 Hz frequency testing to observe impacts on lower-frequency artifacts in the right hemisphere. Red boxes from C and E indicate areas
where blockage of modulation artifacts occur due to slew overflow. (F,G) Representation of ratio change impacts on spectral plots (dB) across
frequency (Hz). Ratio changes in the left (F) and right (G) hemispheres vary from 2 (lightest) to 32 (darkest). Blue arrows in (G) represent
direction of artifact movement as ratio value is increased.

the electrode interface dissipating over time. While passive
recharge was not tested in this study, it is possible that use of
passive recharge would result in lower slew overflow events due
to the lack of a secondary negative pulse and smaller change
in charge over time as measured by the ADC. Future work
should assess the potential trade-off presented by active vs.
passive recharge, since the use of active recharge is promoted
as a means of mitigating stimulation artifact by reducing the
duration of the pulse. Overall, we found that increasing sense
blank duration dramatically improved the integrity of the
sensing data by reducing spectral side lobes and reducing the
occurrence of logged slew overflow errors. Percentage of slew
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overflow and how it is represented in the neural data seemed
to vary greatly, even within subject. However, it appears that
certain sense blank values reflect a threshold for overflow to
be represented in the neural data. Sense blank values at or
exceeding 2 ms appear to minimize impacts of slew overflow on
the neural data. Even though slew overflow was not observed
to the same degree at these sense blank values, slew overflow
was still measured at ~40 and ~30% for the left and right
hemispheres, respectively. We recommend increasing sense
blank duration to minimize stimulation artifact distortion;
however, it is important to consider the tradeoft between sense
blank duration and data distortion. As sense blank duration
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increases, the amplifier is blanked for a greater percentage of the
recording. When the amplifier is blanked, the analog front end
of the Summit is disconnected. Although data itself is not lost,
new data points are not effectively measured during the period
of sense blanking, resulting in an artifact at the frequency of
stimulation. Therefore, researchers should select the minimum
sense blank duration required for adequate sensing performance
to minimize data distortion. The amount of distortion would
be estimated by multiplying the blanking time duration by
the stimulation frequency. As an example, the maximum sense
blank time permissible by the Summit RC + S is 2.5 ms, which
if used with 150 Hz stimulation would result in a 37.5% data
distortion due to blanking time. After calculating this percentage
of data loss, it was confirmed with the Medtronic engineering
team as being an accurate estimate of the system behavior
during blanking. It should be noted however that this data
loss is not always evident in the collected data, as transient
activity in analog components of the temporarily disconnected
analog front end of the Summit result in time-varying samples
continuing to be collected throughout the blanking period.

We also observed and documented the presence of
modulation artifacts that are unrelated to stimulation artifact
distortion or previously documented artifacts. However, we
observed that the center-frequency of the four modulation
artifacts predictably shifted when adjusting telemetry ratio.
Additionally, we observed that decreases in stimulation
amplitude led to decreases in the peak of each individual
modulation artifact (Figure 3A). Therefore, it appears that high
amplitude stimulation in low peak-to-peak neural data results
in lower SNR that manifests as artifacts such as the modulation
artifacts observed here. It should be noted here that DBS OFF
conditions were not tested. The clinical team did not support
this testing due to lack of tolerability in patients when decreasing
stimulation amplitude. To mitigate modulation artifacts caused
by telemetry parameters, researchers can potentially adjust the
telemetry ratio and mode such that artifact peaks are outside
particular bands of interest. For example, to detect biomarkers
in the 0-40 Hz range, a ratio value of 10 would place modulation
artifacts above 50 Hz, outside of the frequency bands of interest.
However, given the observed number of peaks at frequencies
which are independently variable based on selected mode and
ratio, this may prove to be a challenge in some protocols.
Researchers interested in analyzing broad spectral bands may
find that they must adjust their classifier designs to account
for the presence of these artifacts. Splitting a larger frequency
band into smaller sub-bands may be problematic if using the
embedded linear discriminant classifier onboard the Summit RC
+ S that can only use a maximum of four configured power
bands. Another concern is the case of adaptive PC-in-the-loop
based stimulation experiments, where the telemetry mode and
ratio parameters impact the round-trip time for sensing data
and commands between the PC and INS. For example, if there
is an identified biomarker that changes rather rapidly in time it
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would be important for ratio values to be as small as possible
to allow more frequent updating of stimulation parameters as
symptom state evolves over time. In this context, adjusting
the mode and ratio to mitigate the artifacts described in this
paper may result in reduced performance of the system. Overall,
these findings demonstrate the value of configurable parameters
within bidirectional DBS platforms, that previously were not
expected to improve the quality of neural data or closed-loop
system performance.

Given the proprietary nature of Summit RC + S hardware
implementation, it is unclear how these modulation artifacts
emerged. It is possible that the low peak-to-peak amplitude
of native neural activity in VC/VS increases the likelihood
that artifacts will be introduced due to the already low SNR
compared to other gray matter DBS targets. As we previously
discussed, increasing stimulation amplitude worsens SNR and
exacerbates the modulation artifacts. As indicated in Table 1,
we observed modulation artifacts and stimulation artifact
distortion to varying extents across subjects and hemispheres
that cannot be explained by differences in hardware or surgical
procedures. The factors driving these differences are unclear and
may be due to inherent device variability during high amplitude,
high frequency stimulation. In future studies, stimulation
artifact distortion and modulation artifacts should be explored
in a larger cohort across multiple DBS target regions, as these
artifacts are patient- and target-specific. We also emphasize that
future device manufacturing needs to consider how artifacts
present in different ranges of brain tissue, as current knowledge
is mainly geared toward gray matter targets compared to quieter,
white matter regions of the brain. Another mechanism that
might be attributed to the artifacts observed in this paper is the
relationship between impedance changes and poor common-
mode rejection. Future studies should explore common-
mode rejection and how it relates data quality, with specific
consideration for slew overflow and modulation artifacts. Poor
common-mode rejection can occur when sensing contacts have
a mismatched electrode impedance (Stanslaski et al., 2012;
Tiruvadi et al., 2022). Acceptable ranges of impedance mismatch
across sensing electrodes are currently ill-defined and it is
unclear how minute changes in impedance impact neural data,
which calls for future work analyzing the degree to which these
mismatches exacerbate stimulation artifact distortion at high
amplitudes. Finally, while we examined modulation artifacts and
stimulation artifacts independently, we do not fully understand
any potential interactions between the two, calling for future
studies on these potential relationships.

Distinguishing the artifacts described in this paper from
possible neural signals of interest was in many ways only
possible due to the sheer configurability of the Summit system.
This may be difficult in future, less configurable systems to
definitively determine the nature of a potential artifact. One
example is Medtronic’s Percept PC, a commercialized sensing-
enabled device, where configuring sense blank values is not
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possible and kept at constant values. Additionally, telemetry
configurations of mode and ratio are non-configurable in the
Percept PC platform, resulting in potential artifacts that cannot
be tracked down the same way presented here. The key takeaway
is that when interpreting results from neural data, researchers
should take special note of all configurable and non-configurable
parameters prior to making conclusionary ties between neural
signatures and behavioral outcomes, and device manufacturers
should consider enabling configuration of all parameters that are
known to impact neural sensing data collection.

In recent years there has been great progress in identifying
and mitigating sources of artifact in neural data collected
onboard sensing-capable DBS devices. When interpreting
neural data or designing adaptive algorithms, it is important
to better understand all potential sources of artifact that
DBS
platforms. Beyond the stimulation artifact distortion and

contaminate neural signals onboard bidirectional
modulation artifacts described in this work, it is important for
researchers to also be aware of additional sources of artifact,
including stimulation (Dastin-van Rijn et al., 2021; Chen et al,,
2022), electrocardiogram (Neumann et al, 2021), and body
movement (Thenaisie et al., 2021; van Rheede et al., 2022).
While some of these artifacts may be generalizable, many may
only appear in certain contexts that are device, patient, or target
specific. This work represents another step in the creation of
a library of expected artifacts, which we hope to continue to
expand upon as more artifacts are discovered.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed
and approved by the Local Institutional Review Board
at Baylor College of Medicine (H-40255 and H-44941 to
Baylor College of Medicine, IAA 17-27 and IAA 19-51 to
Brown University, and STUDY20110082 and STUDY20110084
to University of Pittsburgh) and the US Food and Drug
Administration Center for Devices and Radiological Health. The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

SS, DB, and WG conceived of the study. MA and NP
conceptualized data analysis procedures and wrote the first draft

Frontiers in Human Neuroscience

10

10.3389/fnhum.2022.1016379

of the manuscript. MA performed data analysis, interpreted
data, and prepared figures and results with support from NP
and JH. AW, MA-O, and SM performed data collection in
the clinic. RM prepared the cortical reconstruction used in
Figure 1. WG and SS performed clinical care aspects of the
study. SS performed study surgical procedures. JH, NP, SS, DB,
and WG oversaw collection of data, analysis, and manuscript
completion. All authors contributed to the writing and revision
of the manuscript.

Funding

This work was supported by NIH (1UH3NS100549-01)
(WG and DB), the McNair Foundation (SS), and the National
Science Foundation Graduate Research Fellowship (MA). This
work was partially funded by U24NS113637 (JH and DB).

Acknowledgments

We thank the participants and their families for their
involvement in the study. Additionally, we thank the Open
Mind consortium for software resources and expert guidance
(https://openmind-consortium.github.io/). Finally, we also
thank Medtronic for donating Summit RC + S devices as part of
the BRAIN Initiative Public-Private Partnership Program.

Conflict of interest

Medtronic donates devices as part of the NIH BRAIN
Public-Private Partnership Program (WG and DB). SS was
a consultant for Boston Scientific, Zimmer Biomet, and
Neuropace. WG received royalties from Nview, LLC, and OCD
scales, LLC for digitalized commercial use of the Y-BOCS.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
that
conflict of interest.

The handling editor JKW declared a past co-authorship with
the several authors NP, WG and SS.

relationships could be construed as a potential

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fnhum.2022.1016379
https://openmind-consortium.github.io/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

Alarie et al.

References

Adkinson, J. A., Tsolaki, E., Sheth, S. A., Metzger, B. A., Robinson, M. E., Oswalt,
D., et al. (2022). Imaging versus electrographic connectivity in human mood-
related fronto-temporal networks. Brain Stimul. 15, 554-565. doi: 10.1016/j.brs.
2022.03.002

Ansd, J., Benjaber, M., Parks, B., Parker, S., Oehrn, C. R., Petrucci, M., et al.
(2022). Concurrent stimulation and sensing in bi-directional brain interfaces: A
multi-site translational experience. J. Neural Eng. 19:026025. doi: 10.1088/1741-
2552/ac59a3

Chen, P., Kim, T., Goodman, W. K., Borton, D. A., Harrison, M. T., and
Darbon, J. (2022). Estimation of periodic signals with applications to deep brain
stimulation. bioRxiv [Preprint]. doi: 10.1101/2022.05.23.493124

Dastin-van Rijn, E. M., Provenza, N. R,, Calvert, J. S., Gilron, R., Allawala,
A. B., Darie, R, et al. (2021). Uncovering biomarkers during therapeutic
neuromodulation with PARRM: Period-based artifact reconstruction and removal
method. Cell Rep. Methods 1:100010. doi: 10.1016/j.crmeth.2021.100010

de Hemptinne, C., Chen, W., Racine, C. A., Seritan, A. L., Miller, A. M.,
Yaroshinsky, M. S., et al. (2021). Prefrontal physiomarkers of anxiety and
depression in Parkinson’s disease. Front. Neurosci. 15:748165. doi: 10.3389/fnins.
2021.748165

Gilron, R, Little, S., Perrone, R., Wilt, R., de Hemptinne, C., Yaroshinsky,
M. S, et al. (2021). Long-term wireless streaming of neural recordings for circuit
discovery and adaptive stimulation in individuals with Parkinson’s disease. Nat.
Biotechnol. 39, 1078-1085. doi: 10.1038/s41587-021-00897-5

Goodman, W. K., Storch, E. A., and Sheth, S. A. (2021). Harmonizing the
Neurobiology and treatment of obsessive-compulsive disorder. Am. J. Psychiatry
178, 17-29.

Greenberg, B. D., Malone, D. A, Frichs, G. M., Rezai, A. R,, Kubu, C. S,
Malloy, P. F., et al. (2006). Three-year outcomes in deep brain stimulation for
highly resistant obsessive—compulsive disorder. Neuropsychopharmacology 31,
2384-2393. doi: 10.1038/sj.npp.1301165

Gregg, N. M., Marks, V. S., Sladky, V., Lundstrom, B. N., Klassen, B., Messina,
S. A, et al. (2021). Anterior nucleus of the thalamus seizure detection in
ambulatory humans. Epilepsia 62, e158-¢164. doi: 10.1111/epi.17047

Hammer, L. H., Kochanski, R. B., Starr, P. A,, and Little, S. (2022). Artifact
characterization and a multipurpose template-based offline removal solution for a
sensing-enabled deep brain stimulation device. Stereotact. Funct. Neurosurg. 100,
168-183. doi: 10.1159/000521431

Herron, J., Stanslaski, S., Chouinard, T., Corey, R., Denison, T., and Orser, H.
(2018). “Bi-directional brain interfacing instrumentation,” in Proceedings of the
2018 IEEE international instrumentation and measurement technology conference
(I2MTC) (Houston, TX: IEEE), 1-6.

Johnson, V., Wilt, R., Gilron, R., Anso, J., Perrone, R., Beudel, M., et al. (2021).
Embedded adaptive deep brain stimulation for cervical dystonia controlled by
motor cortex theta oscillations. Exp. Neurol. 345:113825. doi: 10.1016/j.expneurol.
2021.113825

Koeglsperger, T., Palleis, C., Hell, F., Mehrkens, J. H., and Bétzel, K. (2019). Deep
Brain stimulation programming for movement disorders: Current concepts and
evidence-based strategies. Front. Neurol. 10:410. doi: 10.3389/fneur.2019.00410

Kopell, B. H., Greenberg, B., and Rezai, A. R. (2004). Deep brain stimulation for
psychiatric disorders. J. Clin. Neurophysiol. 21, 51-67.

Liebrand, L. C., Caan, M. W. A., Schuurman, P. R., van den Munckhof, P.,
Figee, M., Denysad, D., et al. (2019). Individual white matter bundle trajectories are

Frontiers in Human Neuroscience

11

10.3389/fnhum.2022.1016379

associated with deep brain stimulation response in obsessive-compulsive disorder.
Brain Stimul. 12, 353-360. doi: 10.1016/j.brs.2018.11.014

Neumann, W.-J., Sorkhabi, M. M., Benjaber, M., Feldmann, L. K., Saryyeva,
A., Krauss, J. K,, et al. (2021). The sensitivity of ECG contamination to surgical
implantation site in brain computer interfaces. Brain Stimul. 14, 1301-1306. doi:
10.1016/j.brs.2021.08.016

Pal Attia, T., Crepeau, D., Kremen, V., Nasseri, M., Guragain, H., Steele, S. W.,
et al. (2021). Epilepsy personal assistant device-a mobile platform for brain state,
dense behavioral and physiology tracking and controlling adaptive stimulation.
Front. Neurol. 12:704170. doi: 10.3389/fneur.2021.704170

Provenza, N. R, Sheth, S. A., Dastin-van Rijn, E. M., Mathura, R. K., Ding,
Y., Vogt, G. S., et al. (2021). Long-term ecological assessment of intracranial
electrophysiology synchronized to behavioral markers in obsessive-compulsive
disorder. Nat. Med. 27, 2154-2164. doi: 10.1038/s41591-021-01550-z

Ramasubbu, R., Lang, S., and Kiss, Z. H. T. (2018). Dosing of Electrical
parameters in deep brain stimulation (DBS) for intractable depression: A review
of clinical studies. Front. Psychiatry 9:302. doi: 10.3389/fpsyt.2018.00302

Riva-Posse, P., Sueng Choi, K., Holtzheimer, P. E., McIntyre, C. C., Gross,
R. E., Chaturvedi, A., et al. (2014). Defining critical white matter pathways
mediating successful subcallosal cingulate deep brain stimulation for treatment-
resistant depression. Biol. Psychiatry 76, 963-969. doi: 10.1016/j.biopsych.2014.0
3.029

Sellers, K. K., Gilron, R., Anso, J., Louie, K. H., Shirvalkar, P. R., Chang, E. F.,
et al. (2021). Analysis-rcs-data: Open-source toolbox for the ingestion, time-
alignment, and visualization of sense and stimulation data from the medtronic
summit RC+S system. Front. Hum. Neurosci. 15:714256. doi: 10.3389/fnhum.2021.
714256

Stanslaski, S., Afshar, P., Cong, P., Giftakis, J., Stypulkowski, P., Carlson, D.,
et al. (2012). Design and validation of a fully implantable, chronic, closed-loop
neuromodulation device with concurrent sensing and stimulation. IEEE Trans.
Neural Syst. Rehabil. Eng. 20, 410-421. doi: 10.1109/TNSRE.2012.2183617

Stanslaski, S., Herron, J., Chouinard, T., Bourget, D., Isaacson, B., Kremen,
V., et al. (2018). A chronically implantable neural coprocessor for investigating
the treatment of neurological disorders. IEEE Trans. Biomed. Circuits Syst. 12,
1230-1245. doi: 10.1109/TBCAS.2018.2880148

Thenaisie, Y., Palmisano, C., Canessa, A., Keulen, B. J., Capetian, P., Jiménez,
M. C, et al. (2021). Towards adaptive deep brain stimulation: Clinical and
technical notes on a novel commercial device for chronic brain sensing. J. Neural
Eng. 18:042002. doi: 10.1088/1741-2552/ac1d5b

Tiruvadi, V., James, S., Howell, B., Obatusin, M., Crowell, A., Riva-Posse, P.,
etal. (2022). Mitigating mismatch compression in differential local field potentials.
arXiv [Preprint]. doi: 10.48550/arXiv.2204.03778

van Rheede, J. J., Feldmann, L. K., Busch, J. L., Fleming, J. E., Mathiopoulou,
V., Denison, T., et al. (2022). Diurnal modulation of subthalamic beta oscillatory
power in Parkinson’s disease patients during deep brain stimulation. Medrxiv
[Preprint]. doi: 10.1101/2022.02.09.22270606

Zhou, A., Johnson, B. C., and Muller, R. (2018). Toward true closed-
loop neuromodulation: Artifact-free recording during stimulation. Curr. Opin.
Neurobiol. 50, 119-127. doi: 10.1016/j.conb.2018.01.012

Zhu, Z., Hubbard, E., Guo, X., Barbosa, D. A. N., Popal, A. P,, Cai, C,, et al.
(2021). A connectomic analysis of deep brain stimulation for treatment-resistant
depression. Brain Stimul. 14, 1226-1233. doi: 10.1016/j.brs.2021.08.010

frontiersin.org


https://doi.org/10.3389/fnhum.2022.1016379
https://doi.org/10.1016/j.brs.2022.03.002
https://doi.org/10.1016/j.brs.2022.03.002
https://doi.org/10.1088/1741-2552/ac59a3
https://doi.org/10.1088/1741-2552/ac59a3
https://doi.org/10.1101/2022.05.23.493124
https://doi.org/10.1016/j.crmeth.2021.100010
https://doi.org/10.3389/fnins.2021.748165
https://doi.org/10.3389/fnins.2021.748165
https://doi.org/10.1038/s41587-021-00897-5
https://doi.org/10.1038/sj.npp.1301165
https://doi.org/10.1111/epi.17047
https://doi.org/10.1159/000521431
https://doi.org/10.1016/j.expneurol.2021.113825
https://doi.org/10.1016/j.expneurol.2021.113825
https://doi.org/10.3389/fneur.2019.00410
https://doi.org/10.1016/j.brs.2018.11.014
https://doi.org/10.1016/j.brs.2021.08.016
https://doi.org/10.1016/j.brs.2021.08.016
https://doi.org/10.3389/fneur.2021.704170
https://doi.org/10.1038/s41591-021-01550-z
https://doi.org/10.3389/fpsyt.2018.00302
https://doi.org/10.1016/j.biopsych.2014.03.029
https://doi.org/10.1016/j.biopsych.2014.03.029
https://doi.org/10.3389/fnhum.2021.714256
https://doi.org/10.3389/fnhum.2021.714256
https://doi.org/10.1109/TNSRE.2012.2183617
https://doi.org/10.1109/TBCAS.2018.2880148
https://doi.org/10.1088/1741-2552/ac1d5b
https://doi.org/10.48550/arXiv.2204.03778
https://doi.org/10.1101/2022.02.09.22270606
https://doi.org/10.1016/j.conb.2018.01.012
https://doi.org/10.1016/j.brs.2021.08.010
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

	Artifact characterization and mitigation techniques during concurrent sensing and stimulation using bidirectional deep brain stimulation platforms
	Introduction
	Materials and methods
	Study participants and design
	Sending and transmitting neural signals
	Neural data analysis
	Stimulation amplitude modulation testing
	Measuring slew overflow
	Sense blank testing
	Modulation of low frequency artifacts and impacts from ratio changes

	Results
	Increasing stimulation amplitude leads to distortion of stimulation artifact
	Increasing sense blank times reduces slew overflow and artifact distortion
	Increasing amplitude increases low-frequency artifact amplitude
	Stimulation frequency changes demonstrate no impact on lower-frequency artifacts
	Telemetry ratio changes shift lower-frequency artifacts
	Amplitude, sense blank, and frequency testing shows modulation artifacts across subjects

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


