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Abstract

Objective. Recent innovative neurostimulators allow recording local field potentials (LFPs) while
performing motor tasks monitored by wearable sensors. Inertial sensors can provide quantitative
measures of motor impairment in people with subthalamic nucleus deep brain stimulation. To the
best of our knowledge, there is no validated method to synchronize inertial sensors and
neurostimulators without an additional device. This study aims to define a new synchronization
method to analyze disease-related brain activity patterns during specific motor tasks and evaluate how
LFPs are affected by stimulation and medication. Approach. Fourteen male subjects treated with
subthalamic nucleus deep brain stimulation were recruited to perform motor tasks in four different
medication and stimulation conditions. In each condition, a synchronization protocol was performed
consisting of taps on the implanted neurostimulator, which produces artifacts in the LFPs that a
nearby inertial sensor can simultaneously record. Main results. In 64% of the recruited subjects,
induced artifacts were detected at least in one condition. Among those subjects, 83% of the recordings
could be synchronized offline analyzing LFPs and wearables data. The remaining recordings were
synchronized by video analysis. Significance. The proposed synchronization method does not require
an external system (e.g., TENS electrodes) and can be easily integrated into clinical practice. The
procedure is simple and can be carried out in a short time. A proper and simple synchronization will
also be useful to analyze subthalamic neural activity in the presence of specific events (e.g., freezing of

gait events) to identify predictive biomarkers.

1. Introduction

The subthalamic nucleus deep brain stimulation (STN-
DBS) is a compelling long-term treatment for Parkin-
son’s disease (PD), which improves motor symptoms
such as tremor, rigidity, and bradykinesia [1]. It usually
leads to reduced drug administration, which can, in turn,
limit levodopa-induced side effects. STN-DBS can
potentially lead to significant improvement in axial
motor signs, increasing gait speed and stride length [2, 3].
However, the extent of the responsiveness is likely to be
multifactorial, influenced by disease progression, comor-
bidities, and changes in medication [4].

Subthalamic local field potentials (LFPs) in the
beta-band are potential biomarkers of motor perfor-
mance, and therefore the investigation of LFPs pat-
terns during specific motor tasks is essential, also in
the light of developing adaptive DBS solutions (aDBS)
[5]. Recent innovative neurostimulators offer the pos-
sibility to acquire LFPs through the implanted leads
while stimulating [6]. This useful innovation provides
the opportunity to record neural activity while per-
forming motor tasks monitored by cutting-edge wear-
able sensors, which can provide objective and
quantitative measures of motor signs and symptoms
in the laboratory [7, 8] and in real-world assessments

© 2024 The Author(s). Published by IOP Publishing Ltd
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[9]. As an example, wearable inertial sensors can detect
disabling gait symptoms such as freezing of gait (FOG)
[10, 11], thereby enabling a more comprehensive and
continuous monitoring of gait patterns even outside of
clinical settings which can lead to earlier detection of
gait abnormalities and the implementation of more
effective personalized management strategies. Objec-
tive measures of motor impairment in subjects who
have undergone DBS can hence support clinicians in
evaluating treatment effects and disease progression.

Finely synchronizing the two recording systems
(neurostimulator and wearable sensors) is necessary to
investigate how LFPs and motor signs are jointly influ-
enced by medication, stimulation, and different motor
tasks. To the best of our knowledge, all studies have
used external instruments to synchronize neural and
kinematic recordings, and there is no validated
method to synchronize inertial sensors and neuro-
stimulators without an additional instrument. Anidi
et al [12] and Quinn et al [13] used a data acquisition
interface (Power 1401) and Spike software as external
instruments. Pozzi et al [14] synchronized the inertial
measurement units (IMUs) with an optoelectronic
system using a TTL input signal, and then they syn-
chronized both with brain signals using TENS electro-
des placed on the burr-hole site and the DBS lead
connecting the neurostimulator to the implanted elec-
trodes. Thenaisie et al [15] applied a transient DBS
burst which induced artifacts in an electromyographic
sensor placed on the chest of the subject near the
neurostimulator.

This study aims to define a new method to syn-
chronize inertial signals and LFPs to allow the invest-
igation of the association between subthalamic neural
activity and motor performance. The proposed idea is
that performing taps on the implanted neuro-
stimulator produces mechanical artifacts in the LFPs
signal, which a nearby inertial sensor can also detect.

2. Materials and methods

2.1. Participants

Fourteen male PD subjects (61.5 &+ 6.7 years) treated
with STN-DBS were recruited to perform motor tasks
in four different medication (MED) and stimulation
(STIM) conditions: med-OFF/stim-ON, med-OFF/
stim-OFF, med-ON/stim-OFF, med-ON/stim-ON.
Subjects were examined after a 12-h medication
washout to ensure a stable OFF drug condition. Two
clinicians (A and B) followed the subject during the
monitoring (6 subjects for each clinician).

The Ethics Committee of the Local Health Service
of Bologna approved this study (Cod. CE21156) and
the research was conducted according to the Declara-
tion of Helsinki. All participants signed an informed
consent form prior to testing.
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2.2.Measurement devices

Balance and gait were monitored using three synchro-
nized IMUs placed on the feet (2, secured to the shoes
with Velcro straps) and the lower back (1, secured with
an elastic belt) of the subjects. The system (mTest3,
mHealth Technologies s.r.l., Bologna, Italy) is char-
acterized by a sampling frequency of 200 Hz and 100
Hz for the feet and lower back IMUs, respectively. The
IMUs were connected to a smartphone via Bluetooth,
and the clinician could start and stop the data
acquisition using the dedicated app.

LFPs were recorded with a sampling frequency of
250 Hz, and stored by the implanted Percept ™ PC neu-
rostimulator with BrainSense ™ technology (Medtronic,
PLC). The neurostimulator allows a bioelectrical data
recording of LFPs through the two directional leads
implanted in the brain (model B33005, Medtronic, PLC)
while delivering therapeutic stimulation (BrainSense
Streaming mode). The neurostimulator is connected via
radiofrequency telemetry and Bluetooth to a dedicated
tablet that allows the clinician to set the stimulation para-
meters, visualize the LFPs trend in real time, start and
stop the LFPs recording, and download the data.

Each experimental session was video recorded
with a frame update of 60 fps using a smartphone
mounted on a portable tripod.

2.3. Synchronization procedure

The defined synchronization procedure consisted of
several steps (figure 1). In the beginning, two IMUs
were placed on the subject’s shoes, and the video
recording was started. IMUs and LFPs recordings were
then started using the mobile app and the Medtronic
tablet, respectively. The synchronization procedure
was performed once all the devices were in streaming
mode. The third IMU was placed on the chest near the
implanted neurostimulator, and four taps were made
with a finger (forefinger or middle finger) on the
neurostimulator with a progressively increasing time
interval between taps (approx. 1, 2, and 3 seconds
apart). This time interval between taps made it possible
to identify the exact sequence of taps in case only some
taps were identified on the recorded signals. The IMU
used for the synchronization procedure was then
placed on the lower back, and the subject performed
different motor tasks to quantitatively assess gait and
posture (e.g., Timed Up and Go). The synchronization
procedure was repeated once at the end of the
recording session to account for a possible clock drift
and, as it was not possible to verify the correct
identification of the taps in real time, to increase the
probability of detecting taps in the recorded signals.
Finally, the LFPs, IMUs, and video recordings were
stopped (in this order).

2.4. Signal and video analysis
The data recorded by the two different devices were
processed offline using Matlab 2021b. The detection
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are defined as the peaks of the time-domain LFPs (12C, red dots).

Figure 1. Synchronization procedure: three IMUs, a smartphone with the dedicated app, a Medtronic tablet connected to the
neurostimulator, and a smartphone for the video recording are required to perform the procedure (1); the IMUs are placed on the
subject’s shoes (2) and the video recording is started (3); the IMUs and the LFPs recordings are started using the mobile app (4) and the
Medtronic tablet (5), respectively; the third IMU is placed on the chest, and four taps are performed with a forefinger on the
neurostimulator with a progressive time interval of one second between each tap (6); the subject performs motor tasks monitored by
wearable inertial sensors (7); the synchronization procedure is repeated (8); the LFPs (9), IMUs (10) and video (11) recordings are
stopped. The recorded signals are analyzed (12): taps in the inertial signal are defined as the peaks of the acceleration norm (12A, red
dots); taps are characterized by a large frequency band in the spectrogram of the raw LEPs recorded by the neurostimulator (12B); taps

of at least two taps in both types of recorded signals
was required to synchronize the two different devices.
For the inertial signals, taps were defined as the
maximum peak of the acceleration norm and the
timing of their occurrence was considered for the
synchronization process (timingIMU). Instead, both
the spectrogram and the raw time domain signals were
analyzed to detect the different taps in the LFPs signal.
In particular, the mechanical artifacts generated by the
taps were characterized by a wide frequency band
(figure 1 - 12B), making them easily detectable by
performing time-frequency analysis. Once the taps
were visually identified in the spectrogram, their
corresponding time occurrence was calculated by
analyzing the time domain signal where each tap-
derived artifact appeared as an impulse. Therefore, the
timing occurrence of each tap was defined as the time
point when the peak of the LFPs occurred (timingLFP).
Considering only the m taps detected by both devices,
the m time-lags of the corresponding peaks were
calculated as the time difference between the occur-
rence of the peak detected on the LFPs and the IMUs
signals (timingiMU,,,-timingLFP,,,). The average of the
time-lags (ATy.cr,) was used as the time adjustment to
align the recorded data, representing the time-lag
between the start of IMU and LFPs streaming. For each

patient, the standard deviation of the time differences
between corresponding taps detected on the accelera-
tion and LFPs signals recorded in each condition was
computed. The mean standard deviation obtained for
each condition was then calculated to assess the
variability of the synchronization method across all
patients.

> timingIMU, —timingLFP,

A ’I;yncro =
m

If less than two taps were detected on the signals, the
synchronization was performed by video analysis.
Each video recording was analyzed frame by frame to
detect the start and the stop of the streaming sessions,
obtained by pressing the button on the application
interface of the dedicated devices (smartphone for
IMUs and the tablet connected to the neurostimulator
for LFPs).

Video analysis was also conducted on recordings
synchronized by taps to evaluate the differences between
the two methods, considering the tap-based synchroni-
zation as the gold standard. The absolute and the con-
sistency intraclass correlation coefficients (ICCabsolute,
ICCconsistency, respectively) were computed.

3
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3. Results

The inertial sensor always clearly detected the taps
performed, whereas the taps were not always visible
from the LFPs signals. Considering the four medica-
tion and stimulation conditions and all the recruited
subjects, at least two taps were observed in 30/56
recordings (54%). In 9 subjects (64%), taps were
detected on the LFPs in at least one condition, and
among them, 83% of the recordings (30/36) were
synchronized by analyzing LFPs and IMU signals, as
taps were detected in both signals, thus fulfilling the
requirements of the synchronization method. In
particular, taps were detected in all conditions per-
formed by six subjects; in two patients taps were
identified in three out of four conditions, while in a
subject the tap-based method was successful in only
one condition.

By dividing the results based on the clinician who
performed the synchronization procedure, taps of
clinician A were observed in 24/28 recordings (86%),
while taps performed by clinician B were detected in
9/28 recordings (32%).

When we analyzed the visible taps in each condi-
tion, 57% of the recordings were synchronized in
med-OFF/stim-ON, med-OFF/stim-OFF, med-ON/
stim-OFF (table 1). The lowest percentage (50%) of
visible taps in the LFPs signal was observed when sti-
mulation was ON and the medication had been admi-
nistered. The mean variability of the time-lags
(synchronization variability), considering all record-
ings from all conditions, was 0.004 s.

The alternative method based on video analysis
played an important role when taps were not visible
from LFPs signals, enabling the synchronization and
the subsequent analysis. Eleven recordings could not
be synchronized even with video due to incorrect an
incorrect framing of the video, which prevented the
smartphone/tablet from being viewed correctly. The
mean error of the video-based method was higher
when stimulation was applied, also affected by outliers
(0.995 s in med-OFF/stim-ON and 1.240 s in med-
ON/stim-ON). Instead, the mean error was between
0.123 and 0.175 s with stimulation OFF. The alter-
native method showed excellent reliability (ICCabso-
lute = 0.96, ICCconsistency = 0.96).

4, Discussion

The present work shows the preliminary results of a new
method to synchronize inertial signals recorded by
wearable sensors and LFPs acquired in the subthalamic
area by the implanted neurostimulator. Innovative DBS
neurostimulators offer the opportunity to understand
disease-related brain activity patterns, their evolution over
time, and their response to therapeutic treatments
(medication and stimulation). Wearable inertial sensors
provide an objective and quantitative measure of motor
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impairment. To the best of our knowledge, there are no
established methodologies for the synchronization of
wearables data with LFPs recordings. The application of
these methods would be invaluable in clinical settings,
where speed and ease of execution are of paramount
importance. A simple and fast synchronization procedure
will be useful to analyze brain activity patterns during gait
and FOG events to identify predictive biomarkers and
characterize beta-band brain activity [16-18].

Early experience with chronic LFP sensing via
implantable neurostimulators identified possible meth-
ods to synchronize LFPs with other signals. These meth-
ods typically involve the use of DBS itself or TENS as a
synchronization signal which is easy to identify in the
LFP and in other external electrophysiology-based
recordings (e.g., EEG, etc) [6, 17-20]. However, manu-
facturers of DBS systems do not recommend the use of
TENS electrodes on their systems (neurostimulators,
leads and extensions), and therefore the approval from
the local ethics committee would be easier to obtain
using systems that do not interfere with the functioning
of the DBS system. Moreover, in some cases, DBS stimu-
lation is not possible during sensing, for example using
Brainsense™ Indefinite streaming allowing for the
simultaneous acquisition of three LFP channels per
hemisphere. The tap-based synchronization method
does not require any additional external system (e.g.,
TENS electrodes or data acquisition interfaces) and it can
be easily integrated into clinical practice. The tap-based
synchronization procedure is simple and can be carried
out in a short time, which is particularly important when
the recording session to be performed by the subject is
long and is also characterized by complex conditions
such as med-OFF/stim-OFF. In addition, wearables
represent a low-cost and easy-to-use approach to pro-
vide gait assessment, obviating the need for a dedicated
gait laboratory. The synchronization procedure does not
require a specific clinical setting and could be also per-
formed in real-life settings without medical supervision.

The tap position was chosen after performing a
more structured exploratory test on a single subject, in
which the tap sequence was performed in four differ-
ent positions: on the burr-hole, on the lead behind the
ear and the neck, and on the neurostimulator. By ana-
lyzing the recorded signals, the taps on the neuro-
stimulator proved to be the best regarding the number
of taps detected and thus was chosen for subsequent
trials. Further analysis of a large cohort of patients may
lead to the identification of the optimal tap position.

A limitation of the method is that taps are not
always detected on the LFPs signal, possibly due to
imprecise location and poor tapping strength. The
tap-method was successful in 54% recordings and
there was a high variability between the success rate
achieved by the two different clinicians who per-
formed the synchronization procedure (86% and
32%). The depth of the implant may also affect the
success of the method, as the taps may be attenuated
depending on the tissue present in the gap. In these
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Table 1. Results of the synchronization procedure. For each condition and subject, the identification of taps on both LEPs and IMUs signals (sync by taps [yes/no]), the variability of the time-lags of the detected taps (sync variability [s]), and
the error between the tap-based and the video-based methods (error sync by video [s]) are reported.

med-OFF/stim-ON

med-OFF/stim-OFF

med-ON/stim-OFF

med-ON/stim-ON

Sync by Sync by Syncby Sync by
taps Sync varia- Error sync by taps Sync varia- Error sync by taps Sync varia- Error sync by taps Sync varia- Error sync by
1D [yes/ no] bility [s] video [s] [yes/ no] bility [s] video [s] [yes/ no] bility [s] video [s] [yes/ no] bility [s] video [s]
1 No — — No — — No — — No — —
2 Yes 0.004 — Yes 0 — Yes 0.009 — Yes 0.004 —
3 No — — No — — No — — No — —
4 No — — No — — No — — No — —
5 Yes 0.004 0.086 Yes 0.005 0.129 Yes 0.009 0.183 Yes 0.009 0.614
6 Yes 0 0.071 Yes 0.002 0.200 Yes 0.003 0.015 No — —
7 No — — No — — No — — No — —
8 Yes 0.011 — Yes 0.005 0.103 Yes 0.003 0.043 Yes 0.002 0.109
9 No — — Yes 0 — Yes 0.002 0.102 Yes 0.003 0.399
10 Yes 0 0.995 No — — No — — No — —
11 Yes 0.006 — Yes 0.008 0.033 Yes 0.009 0.050 Yes 0.002 0.315
12 No — — No — — No — — No — —
13 Yes 0.001 — Yes 0.001 0.152 Yes 0.004 0.205 Yes 0.005 1.240
14 Yes 0 — Yes 0.001 — Yes 0.003 0.625 Yes 0.001 —
8/14 0.003 £ 0.004 0.384 +0.529 8/14 0.003 4 0.003 0.123 +0.062 8/14 0.005 + 0.003 0.175+0.211 7/14 0.004 +0.003 0.535+0.434
(57%) (57%) (57%) (50%)
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cases, the limitation is overcome by using video-based
synchronization, which shows excellent reliability and
alow error with respect to tap-based synchronization,
especially when stimulation is OFF. In particular,
synchronization based on video analysis was char-
acterized by a mean error of 0.12 & 0.06 s in the med-
OFF/stim-OFF condition, where FOG episodes are
usually more frequent and optimal synchronization is
required to analyze them. The mean error reported in
the stim-ON condition is higher and is influenced by
outliers which could be related to a bad communica-
tion between the neurostimulator and the tablet.

The efficacy of the method can be enhanced through
the implementation of practical techniques, thereby redu-
cing the variation among clinicians who perform the tap
procedure. A video training session may be beneficial for
clinicians in demonstrating the optimal tap placement
and techniques based on the principles of effective taps in
previous data collection. In addition, prior to the first pro-
tocol condition (med-OFF/stim-ON), taps could be per-
formed in different positions to establish the optimal
conditions for achieving successful results. It would be
beneficial to explore other signal analysis techniques (e.g.,
principal component analysis and cross-correlation) and
to use IMUs with higher sampling frequency to enhance
the effectiveness of the tap-based synchronization
method in the time domain. A comprehensive study on
the effects of medication and stimulation on the synchro-
nizing methods would provide insights into the reliability
of these methods in different case scenarios. By including
more patients, the impact of implant depth and body
composition on the success of the tap-based method
could be assessed.

The alternative video-based method we used
requires a wearable inertial system characterized by a
smartphone application interface to identify via video the
end of the recording. A possible alternative, in case the
IMU system is not controlled by an app, could be to per-
form a tap on one IMU before the start of the LFPs
recording during video recording. In this case, the video
recording would have to be analyzed to establish the time
interval between the tap on the IMU and the start of the
LEPs recording (AT, 1 rp). In addition, the time inter-
val between the start of the IMU recording and the tap-
induced artifact on the recorded inertial signal would
have to be taken into account (ATjy_4p) to compute
the delta required to synchronize the different record-
ings (A Iyncro = ATmu- tap + A’I;aprFP )-

5. Conclusion

This study defines a new method for synchronizing
neurostimulators and wearable inertial sensors to enable
the analysis of disease-related brain activity patterns
during specific motor tasks. A proper and simple
synchronization will be useful to analyze subthalamic
neural activity in the presence of specific events (e.g., FOG

1D’Ascanio et al

events) to identify predictive biomarkers, useful for
developing new stimulation technologies such as aDBS.
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