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Abstract

3.1. Background—©lectrocorticography studies are typically conducted in patients
undergoing video EEG monitoring, but these studies are subject to confounds such as the effects of
pain, recent anesthesia, analgesics, drug changes, antibiotics, and implant effects.

3.2. New Method—Techniques were developed to obtain electrocorticographic (ECoG) data
from freely moving subjects performing navigational tasks using the RNS® System (NeuroPace,
Inc., Mountain View, CA), a brain-responsive neurostimulation medical device used to treat focal
onset epilepsy, and to align data from the RNS System with cognitive task events with high
precision. These subjects had not had recent surgery, and were therefore not confounded by the
perioperative variables that affect video EEG studies.

3.3. Results—Task synchronization using the synchronization marker technique provides a
quantitative measure of clock uncertainty, and can align data to task events with less than 4ms of
uncertainty. Hippocampal ECoG activity was found to change immediately before an incorrect
response to a math problem compared to hippocampal activity before a correct response. In
addition, subjects were found to have variable but significant changes in theta band power in the
hippocampus during navigation compared to when subjects were not navigating. We found that
there is theta-gamma phase-amplitude coupling in the right hippocampus while subjects stand still
during a navigation task.

3.4. Comparison with Existing Methods—An alignment technique described in this study
improves the upper bound on task-ECoG alignment uncertainty from approximately 30ms to under
4ms. The RNS System is one of the first platforms capable of providing untethered ambulatory
ECoG recording in humans, allowing for the study of real world instead of virtual navigation.
Compared to intracranial video EEG studies, studies using the RNS System platform are not
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subject to confounds caused by the drugs and recent surgery inherent to the perioperative
environment. Furthermore, these subjects provide the opportunity to record from the same
electrodes over the course of many years.

3.5. Conclusions—The RNS System enables us to study human navigation with
unprecedented clarity. While RNS System patients have fewer electrodes implanted than video
EEG patients, the lack of external artifact and confounds from recent surgery make this system a
useful tool to further human electrophysiology research.

Abstract

10.1. Background—Electrocorticography studies are typically conducted in patients
undergoing video EEG monitoring, but these studies are subject to confounds such as the effects of
pain, recent anesthesia, analgesics, drug changes, antibiotics, and implant effects.

10.2. New Method—We developed techniques for using the NeuroPace RNS® System, a
brain-responsive neurostimulation system to treat partial onset epilepsy, to obtain
electrocorticographic (ECoG) data from freely moving subjects performing navigational tasks in a
research setting.

10.3. Results—Task synchronization using the synchronization marker technique provides a
quantitative measure of clock uncertainty, and can align data to task events with less than 4ms of
uncertainty. We found that hippocampal ECoG activity changes during parts of a free recall task
and during navigation.

10.4. Comparison with Existing Methods—An alignment technique described in this
study improves the upper bound on task-ECoG alignment uncertainty from approximately 30ms to
under 4ms. The RNS System is one of the first platforms capable of providing untethered
ambulatory ECoG recording in humans, allowing for the study of real world instead of virtual
navigation.

10.5. Conclusions—The RNS System enables us to study human navigation with
unprecedented clarity. While RNS System patients have fewer electrodes implanted than video
EEG patients, the lack of external artifact and confounds from recent surgery make this system a
useful tool to further human electrophysiology research.
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Introduction

Electrocorticographic (ECoG) recording is a widely used technique in human neuroscience
research. Studies using ECoG recording often seek to gain a better understanding of the
neurophysiology of cognition by correlating subject behavior with electrical signals from the
cortical surface or from depth electrodes targeting deep brain structures[1]. Since the
implantation of intracranial electrodes is associated with surgical risk, human subjects are
usually recruited from a pool of epilepsy patients who have electrodes temporarily implanted
for video EEG monitoring prior to epilepsy surgery[1, 2].
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While this scenario provides an ethically acceptable means of recording ECoG signals, it
suffers from a number of inherent confounding factors[3]. In particular, patients are typically
tethered to the recording equipment. As a result, tasks involving navigation often rely on
movement in a virtual environment. Several studies have questioned the equivalence of
virtual and physical environments in human neuroscience research[4]. Perhaps even more
important is that subjects are asked to perform cognitive tasks only days after the
implantation procedure, while they are still recovering from the surgical injury[3]. Patients’
cognitive abilities may be affected by antibiotics, recent anesthesia, and analgesic
medications they receive as part of their perioperative care. There is also evidence that
electrode impedances change for several weeks after implantation[5], likely due to the
healing process at the electrode-brain interface[6]. Furthermore, at many epilepsy centers
clinicians attempt to provoke seizures during video EEG monitoring by reducing anti-
epilepsy drugs (AEDSs). Existing literature indicates that tapering AEDs alters background
EEG activity and cognitive performance[7, 8, 9], an effect that is likely to confound the
results of ECoG studies conducted with these subjects.

While these factors are significant and widely recognized, until very recently this was the
only way to conduct ECoG studies involving human subjects. This article reports on the use
of the RNS® System (NeuroPace, Inc.) in a research study, which eliminates the
confounding factors described above by testing ambulatory subjects months to years after
surgery.

The RNS System consists of a chronically implanted neurostimulator and leads and was
approved by the FDA in 2013 for use as an adjunctive therapy for focal onset seizures in
individuals aged 18 years of age or older. The neurostimulator continuously screens ECoG
for characteristic patterns of epileptiform activity, individualized to the patient, and delivers
responsive neural electrical stimulation if these patterns are detected. The RNS System was
effective in reducing median seizure frequency by up to 70% in clinical trial patients at 6
years of follow-up[10]. Using this system, it is possible to obtain recordings from the same
electrodes over several years and in an ambulatory setting. In a research setting, the
neurostimulator can be configured to collect research data while simultaneously delivering
clinically indicated therapy.

Devices like the RNS System provide unprecedented access to the human brain for
neuroscience research. However, the RNS System was not initially designed for research
applications, and the system lacks many features that are typically found on intracranial
recording systems. For instance, there is no provided method to export data from the system
in real-time, and until recently, recordings were limited in duration to four minutes. Also,
there is no built-in method for an external computer to programmatically control the
programmer to send commands to the neurostimulator. Since the RNS System is an FDA
regulated medical device, it is not permissible to modify any part of the system, including
the programmer software, to add features required for research studies.

This study details the steps necessary to use the RNS System in research applications and
demonstrates how this can be accomplished without modifying the RNS System. Use of the
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RNS System system during recording sessions as well as the handling and processing of
ECoG data are both described.

The discussion is complemented by preliminary findings from cognitive tasks which
demonstrate the capabilities of the RNS System platform for ECoG recording. This includes
a free recall task that demonstrates programmatic control of aspects of the neurostimulator.
In addition, a spatial navigation task was conducted in which subjects navigated through a
physical environment with no tether. Our results correlate the spectral properties of the
recorded data with behavior and validate the quality of data obtained from the RNS System.

5. Materials and Methods

This study was conducted with the approval and supervision of the Dartmouth College
Committee for the Protection of Human Subjects. Subjects provided their written informed
consent prior to enrollment in this study.

5.1. The RNS System

The RNS System (NeuroPace, Inc., Mountain View, CA) is a closed-loop brain-responsive
neurostimulation system and was developed as an adjunctive therapy for focal onset
epilepsy. This study was conducted using the RNS-300M Neurostimulator and a laptop-
based Programmer. Patients are implanted with 2 intracranial leads with four contacts each,
located at and around the seizure onset zone. The neurostimulator replaces a section of the
patient’s skull, is extradural, does not protrude above the skull, and; since it is under the
scalp, is not visible externally. The neurostimulator continuously monitors ECoG activity in
four bipolar channels. The detection algorithms continuously screen ECoG activity and the
device delivers electrical stimulation in response to detected epileptiform activity. Patients
cannot normally perceive stimulation being delivered. The neurostimulator is programmed
to save an ECoG record (a short period of ECoG data, generally around 90 seconds) in
response to several conditions, including detection of electrographic seizure patterns,
abnormal ECoG activity that persists beyond a programmed duration, and time of day. The
neurostimulator has various detection algorithms (line length, area under the curve, band-
pass) that can be configured by a clinician to detect a patient’s epileptiform activity. Patients
can also manually save ECoG records by swiping a magnet over the neurostimulator.
Patients and clinicians interact with the RNS System through the use of a Programmer and
Wand, consisting of a laptop computer and a handheld short range wireless transceiver (Fig.
1). Using these tools, clinicians can update detection and stimulation parameters and
download previously stored ECoG data, freeing space for additional recordings. The
neurostimulator is powered by an internal primary cell battery. The neurostimulators used in
this study (RNS-300M) were estimated to be replaced every 3-5 years. All recordings were
made at 250 samples per second, per channel, using a hardware bandpass filter set at 4—
90Hz.
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5.2. Subject Population

The RNS System was used to record ECoG data from six subjects during this study, as show
in Table 1. Three subjects had two hippocampal depth electrodes, each with 4 contacts,
placed bilaterally.

Because our subjects live throughout a large region of upper New England, their
participation in this study was scheduled to coincide with their periodic clinical visits.
Subjects typically participate in the experimental tasks and then proceed with their clinical
appointment. All subjects participated voluntarily and provided written informed consent to
participate in this study. The subjects received a small stipend to compensate for travel costs.

5.3. Communicating with the Neurostimulator

There are several ways that ECoG recordings can be saved from the RNS System.First,
ECoG can be streamed to the Programmer for up to four minutes while the Programmer is in
communication with the neurostimulator. After four minutes, this “Real-Time ECoG” must
be stopped and stored to the Programmer hard drive, resulting in an interruption of the real-
time data for several seconds. Second, momentarily applying a magnetic field to the
neurostimulator will trigger ECoG storage, typically of the previous 60 seconds and the
subsequent 30 seconds. This is generally done using a small magnet. Third, the
neurostimulator can be programmed by a clinician to make scheduled recordings. Lastly,
ECoG storage may be triggered by a variety of userconfigurable detection events. The RNS
System can store approximately 7.5 minutes of 4-channel ECoG data to its internal memory,
which may then be downloaded to the Programmer. ECoG storage can be configured to
record multiple shorter segments of ECoG that total to approximately 7.5 minutes of 4-
channel data.

The RNS System was designed as a therapeutic system, meaning that there is no built-in
method to control the neurostimulator programmatically using a research computer or to
synchronize ECoG recordings from the neurostimulator with a cognitive task. Because the
neurostimulator is implantable, it lacks the DC inputs that are commonly found on
intracranial monitoring equipment and are often used to insert synchronization markers
during video EEG studies.

A prototype system, collectively termed Research Accessories, was developed in
collaboration with NeuroPace for controlling the RNS System programmatically. This
system consists of two hardware components: the Programmer Accessory and the Wand
Accessory (Fig 1).

The Programmer Accessory is a custom circuit board combined with a commercially
available, open-source microcontroller (Arduino Due) that provides the capability to start
and stop RNS System recordings using the “Real Time ECoG” feature, and to save those
recordings. The Arduino emulates a computer mouse on the Programmer using an open-
source library (Mouse, Arduino). Commands are sent to the Arduino through a serial-over-
USB connection from a task computer, and consist of single ASCII characters. Upon receipt
of the real-time ECoG command, the Arduino causes the mouse pointer on the Programmer
to move to, and click on, the Stop button of the Programmer interface, and then the Store
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button, followed by the Start button to re-start the Real-Time ECoG recording. A Python-
based tool was developed to provide a user-friendly application programming interface to
the Programmer Accessory.

The Wand Accessory is an attachment that fits over the NeuroPace Wand and provides the
capability to insert synchronization markers into ECoG data while using the “Real Time
ECoG” feature of the RNS System. The Wand Accessory receives power and commands via
the Programmer Accessory. This device consists of a coil antenna, custom circuit board and
microcontroller. When the Programmer Accessory activates the “Mark” command, the Wand
Accessory inserts a synchronization marker into the real-time ECoG signal by applying a
brief electrical pulse to the coil antenna, briefly interrupting the telemetry signal during
ECoG value transmission and resulting in a repeatable and temporally-precise artifact. As
telemetry noise may cause similar artifacts on the real-time ECoG signal, the pattern of
interruption was chosen to be a unique multi-sample artifact that is easily detected in post-
processing of the signal.

Data from the Programmer were uploaded to the Patient Data Management System (PDMS),
as is done routinely during the normal clinical usage of the RNS System. Data were then
delivered to the investigators upon request using a secure data transfer method (Box.com).
ECoG data for the experiment are described by a catalog file containing a table of metadata
(such as recording type, start time, etc.) and individual binary waveform files for each ECoG
recording.

5.4. Synchronization of Real-Time ECoG with Task Data

During the free recall task described in section 5.5, we used the “Real-Time ECoG” feature
of the RNS System to capture data. Using this mode of recording allows us to insert
synchronization markers into ECoG data in order to more precisely assess the alignment of
ECoG and task data.

The Wand Accessory was used to insert synchronization markers into ECoG data from the
neurostimulator. As shown in Fig 2, the synchronization markers appear in-band, raising the
possibility of misidentifying synchronization markers as ECoG data, or misidentifying high
amplitude ECoG data as a synchronization marker. To reduce the possibility of marker
detection errors, the markers used in this study consist of three peaks, each with a width of
one sample. The peaks are spaced so that the first two have three samples of unmodified
ECoG between them, with the third following seven samples later. A section of ECoG is
considered to be a marker when this set of three artifacts is detected in at least two channels
simultaneously.

ECoG data was processed to recover timestamps of synchronization markers as they were
recorded by the RNS System neurostimulator, forming a gold standard timeline for each
trial. We also obtained the timestamps of synchronization markers for each trial as recorded
by the task computer. The clock in the RNS System neurostimulator and the clock in the task
computer were not running at the same rate. Furthermore, the difference between the rates of
the two clocks appeared to vary. Contributors to this variability may include a <4ms delay
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for alignment with the 4ms ECoG data samples, a <8ms delay for alignment with 8ms
wireless telemetry frames, or clock variability.

To properly align the clocks, we implemented the coherent point drift algorithm[11] for
point set registration. This technique uses an iterative expectation-maximization method to
compute a smooth transformation between two noisy sets of n-dimensional data, matching
the points in one data set to their corresponding points in the second dataset. During each
iteration, the algorithm uses a Gaussian mixed model to compute the most likely
correspondence between the synchronization marker timestamps as recorded in the task
computer and as detected in the ECoG data. It then computes the transformation required to
warp the timestamps recorded by the task computer to the centroids for those markers in the
Gaussian mixed model. These two steps are repeated 150 times, by which point the
calculated transformation is stable. We used the final calculated transformation to transform
the other trial events (stimulus onset, word recall, math problem answer entry) to the gold
standard timeline (Fig. 2).

5.5. Free Recall Task

A task based on a free recall paradigm, validated in previous studies[12], was utilized (Fig.
3a). For each of 25 trials, subjects were shown a sequence of twelve words, with each word
presented for 1.6 seconds with 1.35-1.85 seconds between words. The spacing between
words allowed for the insertion of synchronization markers, with jitter, and one second of
ECoG with no synchronization markers between each pair of words. After each word list,
subjects solved simple math problems for thirty seconds to prevent them from mentally
rehearsing the presented words. They then had thirty seconds to verbally recall any words
they remembered from the list that was just presented. Stimuli were presented on a 15”
Macbhook pro (Apple, Inc., Cupertino, CA) positioned within reach of the subjects.

We collected this data using the “Real-Time ECoG” technique. We inserted pairs of
synchronization markers after presentation of each word with random jitter between the
markers in each pair so that the markers were separated by 350-850ms. The random jitter
between markers was intended to make alignment of task events with ECoG data less
ambiguous. Since the synchronization markers are in-band, they were placed in sections of
ECoG that we did not intend to analyze. We also inserted markers every 4000ms during the
recall section of the experiment. During analysis of data from this task, segments of data that
contained synchronization marker artifacts were excluded. Immediately before the beginning
of each trial we reset the “Real-Time ECoG” telemetry link using the Programmer
Accessory to avoid gaps in ECoG data during the experimental trials.While the precise
length of each trial varies slightly due to the timing of the subjects’ responses to the “Start
Trial” prompt and the speed at which they complete the last presented math problem, the
mean trial duration was 101+5.4 seconds.

5.6. Navigation Task

Subjects navigated through the hallways of the Dartmouth-Hitchcock Medical Center
Epilepsy Clinic in a square shaped loop. Because the analyses that were planned for this
experiment did not require highly accurate synchronization of the task timestamps and
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ECoG, it was not necessary to use the “Real-time ECoG” technique with synchronization
markers. For this task, we used recordings triggered by swiping a magnet across the
neurostimulator. A set of recorded audio instructions directed participants to start and stop
walking in 15 second intervals for 90 seconds (Fig 3c). Subjects kept their eyes open for
visual cues. At 60 seconds into the trial, the participants were instructed to swipe a magnet
over the neurostimulator, triggering a 90 second recording encompassing the previous 60
seconds and the next 30 seconds. ECoG data were retrieved from the subjects’
neurostimulators after each trial, and the standing and navigating segments were isolated
from the recordings based on the timing of when instructions were given to start and stop
navigation. To account for variance in the subjects’ reaction times to instructions, 1.5
seconds was trimmed from the beginning and end of each ECoG segment. Subjects were
observed during the testing, and any deviations or noticeably delayed reactions to
instructions were recorded and used to remove invalid trials. As we used the magnet
recording function to collect data for this task, there are no synchronization markers present
in this data set.

5.7. Statistics and Data Analysis

5.7.1. Software Tools—Unless otherwise stated, data were analyzed using Python3
with Pandas, NumPy, and SciPy libraries. A software suite was created using Python and
PostgreSQL to automatically manage task information and process data from the RNS
System.

5.7.2 . Data Quality Preservation—During all analyses of data collected using the
“Real-time ECoG” technique, we excluded data in which telemetry was lost by excluding
epochs in which the value in all channels is =512, the minimum value reported by the RNS
System.

We placed synchronization markers so that they would not be inserted in the sections of the
task that we were primarily interested in analysing. Nonetheless, we used the marker
detection technique described in section 5.3 to ensure that data that was being analysed did
not contain extraneous synchronization markers. Trials in which the number of markers sent
did not equal the number of markers detected were excluded from analysis.

Upon close inspection of the spectral characteristics of ECoG data from some RNS System
neurostimulators, we found that two or more channels contain an offset of 32 units on every
64th sample. The samples on which this error occurs can be detected by separately splitting
a long section of ECoG data from each channel into 64 sample segments and averaging the
segments to look for an outlier at one index. Prior to data analysis, we programmatically
examined data from each channel using this technique and corrected the 32 unit offset.

5.7.3. Power Spectra—ECoG recorded during the free recall and navigation tasks were
used to generate power spectra. For power spectra generated using ECoG from the free
recall task, 500ms segments of ECoG ending when the subjects entered a response to a math
distractor were collected. These segments were screened to ensure that they do not contain
synchronization markers or other artifacts. For power spectra generated using ECoG from
the navigation task, ECoG data collected during the task were divided into nonoverlapping 4
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second segments. As these data were collected using the magnet recording function, there
are no synchronization markers or telemetry loss artifacts present in this data.

All of the data (correct and incorrect response, or standing and navigating) were then z-
scored together on a per-channel level. We used this z-scored data to compute power spectra
using multitaper spectral estimation with discrete prolate spheroidal sequence tapers as
implemented in the Python Spectrum module[13].

Differences between power spectra were tested for statistical significance using Efron’s bias
corrected accelerated non-parametric bootstrapping [14], as implemented in the Scikits-
bootstrap library, on the difference between the spectra to generate a 99% confidence
interval from 10,000 rounds of resampling for the difference between navigating and
standing spectra at each frequency. Due to the 4Hz high pass filter built into the RNS
neurostimulator, power spectra in this study were cropped at 4Hz.

5.7.4. Phase Amplitude Coupling—ECoG recorded during the navigation task were
used to generate comodulograms. These data were collected using the magnet recording
function, so there are no synchronization markers or telemetry loss artifacts present in this
data. ECoG data were divided into non-overlapping 4 second long segments. The standing
and navigating data were then z-scored together on a per-channel level. We used the pactools
Python library to calculate phase amplitude coupling (PAC) using the driven auto-regressive
model technique as described in Dupré la Tour et al. 2017 [15]. Statistical significance was
tested by computing PAC 500 times with randomly shifted phases and marking areas as
significant where the actual PAC maximum is in the 95t percentile of calculated PAC
maxima.

5.8. Code Availability

Code used for data analysis and interfacing with the Research Accessories, as well as further
information on the Research Accessories can be made available upon reasonable request to
the authors.

6. Results

6.1. Coherent point drift successfully aligns ECoG and task events

ECoG recordings from the RNS System were processed to locate synchronization markers

in the data. We found that the markers could be detected with high accuracy (Fig 4a). Trials
in which there was a mismatch between the number of markers detected and the number of
markers sent were excluded from analyses. The timing of synchronization markers within
the ECoG data relative to commands transmitted by the task computer was characterized by
aligning the first detected marker timestamp from the RNS System with the first record of a
marker command from the task computer and comparing the differences in time between the
subsequent marker events in the remainder of each trial. Up to 6ms/min variability was
observed. Coherent point drift was implemented to warp the timestamps recorded by the task
computer to better fit the RNS System synchronization markers.
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To measure the effectiveness of our alignment technique, the mean differences between
timestamps of synchronization markers as computed by coherent point drift and the same
timestamps as recorded by detected synchronization markers in the ECoG data were
computed (Fig. 4b). There were on average less than two samples (8ms) of mean error
between the two sets of timestamps in trials that were successfully aligned (mean alignment
error of <40ms). Furthermore, this mean alignment error metric provides a method of
excluding trials that have unacceptably large alignment uncertainty for a given analytical
technique.

6.2. Hippocampal ECoG changes during math tasks

During the free recall task, subjects were asked to answer math questions between the
encoding and recall phases of the task. During this task we recorded ECoG using the
synchronization marker technique (Section 5.5). Hippocampal ECoG had high amplitude
deviations from baseline prior to the times when subjects entered an incorrect answer to a
math problem compared to when they answered a correct answer to a math problem. Power
spectral analysis revealed that subjects had significant changes in response to incorrect math
answers (Fig. 5). However, these changes were not consistent between subjects. Subjects 2
and 3 had changes in low frequencies, while subjects 1 and 4 had changes in high
frequencies.

6.3. Hippocampal response to spatial navigation is variable

Studies in rodents have found that hippocampal theta rhythms are linked to spatial
navigation and memory. In rodents, theta power is generally observed to increase when the
animals are navigating through an environment[16]. Furthermore, theta waves related to
navigation are phase locked to higher frequency oscillations in the neocortex, suggesting a
coordinating role for hippocampal theta[17].

In human virtual environment experiments, studies have demonstrated that there is an
increase in the 1-4Hz band during navigation which corresponds to the theta oscillations
observed in rodents[18, 19]. However, the shift in the frequency range of these oscillations is
not fully understood.

Of the six subjects tested, five had electrodes placed in the hippocampus and performed the
navigation task. During this task we recorded ECoG using the magnet technique (Section
5.6). Using data from these subjects, each 90 second ECoG recording was split into 12
second epochs of standing and navigating. A mean power spectrum for each subject was
then computed by subdividing each epoch into 4 second periods, computing the Fourier
transform for the period, and averaging the resulting spectra across trials.

The hippocampal response to navigation was found to vary greatly greatly between these
subjects (Fig. 6). One subject showed a bilateral decrease in hippocampal theta power during
navigation compared to standing still. A second subject showed a unilateral decrease in theta
during navigation, but an increase in theta on the opposite side. A third subject showed a
bilateral increase in theta power during navigation, more consistent with existing animal
studies.
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6.4. Theta phase modulates gamma amplitude in the right hippocampus during standing

We computed phase-amplitude coupling using data from all subjects during navigation and
when standing still (Fig. 7). During standing, there was significant (p<0.05) phase-amplitude
coupling in the right hippocampus, with theta phase influencing gamma power at 40Hz,
70Hz, and 96Hz.

7. Discussion

The RNS System is a viable platform for studies seeking to record intracranial EEG from
ambulatory human subjects. The ECoG signal does not degrade due to subject movement,
and data can be recovered from the neurostimulator at the end of each trial. This system
provides high quality recordings that avoid many of the problems of traditional video EEG
techniques in exchange for fewer electrodes and a lower sampling rate.

When running cognitive tasks using the RNS System, it is inevitably necessary to align
synchronization markers in the ECoG recordings with synchronization commands sent by
the task computer. In addition to having a fixed offset, these clocks may run at slightly
different speeds and have different noise profiles. We have demonstrated a method to use
synchronization markers inserted into the ECoG data (in a research setting) to transform task
events into the timeline used by the neurostimulator. This method results in a smooth
transformation that preserves the constant sampling rate of the neurostimulator for
convenient analysis.

In this study we chose to assume that the neurostimulator clock as the authoritative time
source during alignment. While a quantitative examination of the stability of this clock
would be informative, we believe that the clock onboard the neurostimulator is likely more
accurate than the clock onboard the Machook Pro laptop used as the task computer in this
study. Because the neurostimulator runs only a limited set of routines, there is less concern
that a command to record the current time would be interrupted by the CPU scheduler than
on a system with a fully-featured operating system. We suspect that the contribution to error
from the hardware components of the clock are much smaller than the contributions from the
design of the software for polling the system time.

We found that adding random jitter between the pairs of synchronization markers during the
encoding epochs of the free recall task did not noticeably aid alignment. This is likely
because the large differences in the pattern of synchronization markers used in different
epochs of our task contributed more to correspondence determination than the relatively
small amount of jitter between pairs of markers in the encoding epoch. Jitter would likely
have been more useful if markers throughout the task were spaced relatively evenly and
more sparsely.

Not all cognitive tasks will require the precise time synchronization afforded by the
Research Accessories. The benefits of precise timing should be weighted against the cost of
disruption of the ECoG signal by synchronization markers when choosing an alignment
technique. Likewise, the exact pattern of synchronization markers to insert into a trial
depends on this weighting. For studies investigating transient, short-lived, neural events, we
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recommend including frequent synchronization markers when collecting preliminary data
for any study so that the behavior of each individual experimental system can be
characterized prior to the beginning of the main experiment. After the timing properties of
the system are understood, the frequency of synchronization markers can be scaled back as
appropriate to the task.

We are aware of one existing study in which the RNS System is used in a task that requires
precise alignment of task data with presented stimuli. In Rao et al.[20], one subject with
electrodes placed on the temporal lobe over speech areas listened to a large corpus of
sentences containing a complete set of English language speech sounds while ECoG was
recorded. A second subject participated in a naming task while ECoG was recorded. This
study used the “Real-Time ECoG” function of the RNS System but without synchronization
markers. For synchronization with task data, the authors used two methods: alignment using
a characteristic neural response to the task stimulus, and alignment using a video recording
encompassing both the task computer and a live view of the ECoG. The authors indicate that
alignment using the neural response generally aligns trials with a standard deviation of
30.5ms. The authors indicate that the video recording has a best-case upper bound on
alignment error of approximately 60ms due to the framerate of the video recording. It is also
likely that there is a slight lag between when the ECoG data is received by the Programmer
and when the data is plotted on screen. However, we believe that our study is the first to use
synchronization markers to improve alignment between ECoG data and task events. We
summarized the differences between these alignment techniques in Table 2.

We investigated whether we could identify biomarkers of memory in the human
hippocampus during a free recall task. Subjects performing the free recall task recalled very
few words per list. This is consistent with subjective reports of memory deficits reported by
these subjects. The subjects’ poor memory performance highlights that high numbers of
trials are often necessary to obtain sufficient statistical power in studies of memory
impairment. We saw that while the power spectra changed within individuals between
correct and incorrect recall, the changes were not consistent between subjects. This may be
due to differences in the precise electrode location in the hippocampus.

Varying hippocampal responses to navigation were observed. The left hippocampus, which
was part of the dominant hemisphere in all subjects, is particularly variable. It is unclear
whether this is an effect of variation in the subjects’ epilepsy or whether this indicates that
the normal hippocampal response to navigation is variable in humans. Based on results of
virtual navigation studies, it has been suggested that human navigation is associated with a
lower frequency band than in rodent studies[19, 21]. Due to the neurostimulator’s 4Hz high
pass filter, we could not confirm the presence of this lower frequency band in a real world
environment.

There are two existing studies of which we are aware that investigated real-world
ambulatory ECoG. In Bohbot et al.[4], five patients undergoing video EEG monitoring
explored a room to find hidden areas of the room with pressure sensitive pads. The subjects
also walked around in the room with no goal for several minutes. As in Bohbot et al., theta
power increases during navigation were not observed in all hippocampal electrodes in our
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study. Furthermore we did not observe a group-level difference in theta power across all of
our subjects. Unlike in Bohbot et al., we observed a significant decrease in theta power
during navigation in some subjects.

In Aghajan et al.[22], four subjects participated in a navigation task in which they were
asked to move in either straight or circular paths at either slow or fast speeds. They found an
increase in theta band power (defined as 3-12Hz) in the medial temporal lobe during
navigation, but occuring in short bursts. While we saw changes in theta power in some
electrodes during navigation, we did not consistently see an increase in short theta bursts.
We computed mean theta power over three second sections of ECoG, which may have
limited our ability to detect short bursts of theta as described in Aghajan et al. Furthermore,
Aghajan et al. used a range of 3—-12Hz for analyses of the theta band. This range notably
extends below the 4Hz high pass filter which is built into the neurostimulator. Our study
considers only frequencies above 4Hz for analyses of the theta band. While we are unable to
assess the subjects’ walking velocities with this experimental design, the analyses we
present in this study are not thought to be dependent on the precise speed or direction of
motion of the subject during the navigation condition.

We have also found that theta phase is coupled to gamma power in the right hippocampus
during standing, but not during navigation. PAC in the hippocampus has been previously
found in rodents[23]. There is evidence that hippocampal phase amplitude coupling may
play a role in the pairing of items with their context in rodents[24].

After this study was completed, NeuroPace released the RNS-320 Neurostimulator, with
approximately twice the battery life and memory as the RNS-300M, and a tablet-based
Programmer that allows capture of hours-long ECoG Recordings. Although most patients
with the RNS System currently have the RNS-300M, this new system should alleviate some
of the challenges inherent to recording long continuous segments of ECoG in the coming
years.

Studies using the RNS System can provide answers to important questions that cannot be
adequately studied in the perioperative setting. This experience indicates that a direct-brain
neurostimulator platform can be modified to support research to better understand human
functional electrophysiology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Programmatic control of the RNS System in a cognitive task is demonstrated
. Acquisition of ambulatory electrocorticography in human subjects is
demonstrated
. The RNS System provides data of suitable quality for research studies
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Figure 1:
Computer control of the RNS System is achieved through the use of Research Accessories.

The task computer runs the cognitive task and issues commands to the Programmer
Accessory. The Programmer Accessory is a microcontroller that connects to the Programmer
via USB and appears as a computer mouse to the Programmer. It receives commands from
the task computer and translates them into mouse movements on the Programmer to directs
it to capture ECoG recordings from the neurostimulator using the Wand. The Wand is a
wireless transceiver that communicates with the neurostimulator. The Wand Accessory
inserts synchronization markers into the data stream when commanded by the Programmer
Accessory.
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Figure 2:
Task events are aligned to synchronization markers in ECoG data using coherent point drift.

Synchronization markers are inserted into the stream of ECoG data using the Wand
Accessory (red). The task computer records when it issues commands to insert a
synchronization marker (light blue). During data preprocessing, synchronization markers in
the task data are automatically recognized (purple) by seeking out a characteristic pattern of
three peaks at specific intervals in the ECoG data occurring in multiple channels
simultaneously. High amplitude deflections that are not synchronization markers, such as
transient telemetry dropouts (dark blue), are not detected as synchronization markers
because they do not match this specific pattern in multiple channels simultaneously. A
mapping is then computed from the task computers timeline to the ECoG timeline (green).
Timestamps for task events are warped using this mapping to fit onto the ECoG timeline.
The recording segment shown is approximately 93 seconds in duration, and was recorded
using the Real-Time ECoG technique.
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Figure 3:

Overview of free recall and navigation tasks. In the free recall task (a), subjects were
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presented with lists of twelve words. Following a thirty second math distractor task, subjects
were prompted to recall as many words as possible from the word list. In the navigation task,
subjects navigated through a section of the Dartmouth Hitchcock Epilepsy Clinic (b). While
navigating, subjects listened to auditory instructions to stand, walk, and swipe their magnet

across their neurostimulator (c).
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Figure 4:
(a): Synchronization markers were detected with high accuracy. During each trial, 31

markers were used for alignment. This plot shows the difference between the number of
markers sent and the number of markers detected across all trials. (b): Distribution of
average alignment error after coherent point drift. Most trials that are aligned within the
40ms bar have a mean error of <8ms. In practice, due to the 250Hz sampling rate of the RNS
System, this means that the task event is aligned on or next to the sample on which it
actually occurred.
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Figure 5:

Individual differences in power spectra when answering math questions correctly or
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incorrectly. The one second period centered on entering the answer to a math question was
analysed for differences in spectral power. Areas highlighted in orange are significantly
different with a < 0.01. Subject 6 data was not significance tested due to low sample size.
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Figure 6:

Individual differences in navigation response. Rows represent individual subjects, with
columns for left and right hippocampal power. Some subjects’ electrodes were placed
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outside of the hippocampus and were not analyzed for this task. Areas highlighted in orange
are significantly different with a < 0.01.
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Figure 7:
Theta phase is coupled to gamma amplitude in the right hippocampus while standing.

Statistically significant (p<0.05) regions are enclosed in red contours.
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Table 1:

Demographic and electrode information for subjects participating in this study. PIQ = performance
intelligence quotient (WAIS-111), VIQ = verbal intelligence quotient (WAIS-I11). Subject 5’s electrodes in the

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

primary motor area are in the hand and face areas.

Subject 1 2 3 4 5 6

Age 52 36 57 53 31 45

Language Dominance Left Left Left Left Left Left

Years Since Implant 8 8 1 9 2 15

Electrode Placement Bilateral Hipp. Bilateral Hipp.  Bilateral Hipp. L. Hipp, L. L. Primary L. Hipp, L.

Lat. Neocortex ~ Motor L. Temp.

Frontal Cortex
Parietal

Seizure Onset Zone Bilateral Hipp. Bilateral Hipp.  Bilateral Hipp. L. Hipp. L. Frontal L. Hipp.

Distribution of Sustained 60% Left, 40% >90% Right Bilateral, Right Left Left Left

Epileptiform Activity Right leading left >90%

Seizure Reduction with 66% 60% 40% 80% 90% 75%

RNS System

VIQ (WAIS-III) Not Available 82 110 105 101 103

PIQ (WAIS-I11) Not Available 97 103 109 95 88
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Table 2:

Comparison of techniques for synchronizing ECoG data and task events using the RNS System.

Sync Markers  Magnet (Aghajan etal.) Video Sync (Rao etal.) Neural Response (Rao et al.)

Best-case alignment certainty 4ms 125 ms 60 ms 30 ms
Mobility Tethered Free Tethered Free
In-band artifact Yes No No Yes
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