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SUMMARY

Uncovering the neural mechanisms underlying human natural ambulatory behavior is a major challenge for
neuroscience. Current commercially available implantable devices that allow for recording and stimulation
of deep brain activity in humans can provide invaluable intrinsic brain signals but are not inherently designed
for research and thus lack flexible control and integration with wearable sensors. We developed a mobile
deep brain recording and stimulation (Mo-DBRS) platform that enables wireless and programmable intracra-
nial electroencephalographic recording and electrical stimulation integrated and synchronized with virtual re-
ality/augmented reality (VR/AR) and wearables capable of external measurements (e.g., motion capture,
heart rate, skin conductance, respiration, eye tracking, and scalp EEG). When used in freely moving humans
with implanted neural devices, this platform is adaptable to ecologically valid environments conducive to
elucidating the neural mechanisms underlying naturalistic behaviors and to the development of viable ther-

apies for neurologic and psychiatric disorders.

INTRODUCTION

Traditional methods for recording and modulating brain activity
in humans (e.g., functional magnetic resonance imaging [fMRI],
magnetoencephalography [MEG], and transcranial magnetic
stimulation [TMS]) require immobility and are thus limited in
their application during laboratory-based tasks low in ecolog-
ical validity. Given the recent increase in medical therapies us-
ing implanted neural devices to treat and evaluate abnormal
brain activity in patients with epilepsy (Schulze-Bonhage,
2017) and other neurologic and psychiatric disorders (Benabid
et al., 1987; Vidailhet et al., 2005; Ressler and Mayberg, 2007;
Nuttin et al., 1999; Lozano et al., 2016), recording and modu-
lating deep brain activity during freely moving behavior is now
possible. There are >2,000 individuals with chronic sensing
and stimulation devices implanted within the brain, with the
number expected to increase as additional invasive treatments
are proven successful. The range of brain areas available for
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study in these participants is diverse, since electrodes are
placed within a variety of cortical (e.g., orbitofrontal, motor,
temporal cortices) and subcortical (e.g., medial temporal
lobe, basal ganglia) areas, depending on an individual’s clinical
diagnosis. The benefits of a mobile deep brain recording and
stimulation platform are invaluable—for example, in studying
behaviors that can provide theoretical links with animal neuro-
biology and systems neuroscience that are almost exclusively
mobile (e.g., spatial navigation, social interaction). Clinical
neuroscience studies can also benefit from a mobile plat-
form—for example, to test novel responsive neurostimulation
therapies during naturalistic behaviors such as walking, eating,
and socializing in patients with implanted electrodes who suffer
from neurologic and/or psychiatric disorders. Patient popula-
tions with implanted neural devices thus provide a rare scienti-
fic opportunity to directly record from and stimulate a variety of
locations within the human brain during freely moving and clin-
ically relevant behaviors without the confounding aspects of
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immobility and motion-related artifacts that are present in other
recording methods (Zaitsev et al., 2015; Parvizi and Kast-
ner, 2018).

A few neuroscientists have begun to capitalize on the opportu-
nity to use chronically implanted neural devices, such as the RNS
System (NeuroPace) (Aghajan et al., 2017; Meisenhelter et al.,
2019; Henin et al., 2019; Rao et al., 2017). However, these
studies did not provide methods for real-time viewing and con-
trol or the ability to deliver intracranial electrical stimulation
(iES) and perform precise synchronization of intracranial electro-
encephalography (iIEEG) with externally acquired data during
free movement. Other implantable systems have emerged
such as the Medtronic Summit RC+S (Stanslaski et al., 2018;
Kremen et al., 2018), an investigational device, intended for clin-
ical research that allow for iEEG recordings and closed-loop iES.
They do, however, require added externalized tools to enable
their use in research studies.

Researchers have long recognized the necessity of uncon-
strained studies (Ladouce et al., 2017; Aghajan et al., 2017,
2019; Bohil et al., 2011; Byrom et al., 2018), even before implant-
able neural systems were available, which has led to the
increased utilization of wearable technologies (Lau-Zhu et al.,
2019). A set of useful behavioral control measurements have
been established that are often used separately and in an ad
hoc fashion during stationary experiments, since multivariate
and synchronized mobile implementation is a challenge.

To address these challenges, we developed a first-of-its-kind
mobile deep brain recording and stimulation (Mo-DBRS)
research platform that enables systematic and wireless control
over chronically implanted neural devices and synchronization
with wearables that can record heart rate, respiration, skin
conductance, scalp EEG, full-body movement/positional infor-
mation, and eye movements. Mo-DBRS uses a combination of
embedded electronics and software scripts added to the exist-
ing research-oriented, tethered RNS System used in previous
studies (Meisenhelter et al., 2019) to enable remote, simulta-
neous, stable output from different wearable sensors along
with their synchronization. The Mo-DBRS platform is primarily
built and validated for the RNS System, given its relative wide-
spread use (>2,000 implanted); however, components can be in-
tegrated with other implantable systems (e.g., RC+S). When
used in conjunction with virtual reality/augmented reality (VR/
AR) technologies, the Mo-DBRS platform provides an ecologi-
cally valid environment to simulate real-world experiences and
open a new area of research in the fields of basic, cognitive,
and clinical neurosciences.

RESULTS

Mo-DBRS

We implemented, characterized, and validated the Mo-DBRS
platform in five research participants (Table S1) previously im-
planted with the RNS System (Figure 1A), with electrodes in a va-
riety of medial temporal and frontal regions (Figure 1B; Tables S1
and S2) for treatment of medically refractory focal epilepsy in
accordance with product labeling. We also include example
data from the Mo-DBRS platform used in two additional partici-
pants (seven total participants) implanted with the RNS neurosti-
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mulator (see the Mo-DBRS Example Data section). All of the par-
ticipants volunteered for the study by providing informed
consent according to a University of California, Los Angeles
(UCLA) medical institutional review board (IRB)-approved proto-
col. A central part of the platform is a set of externalized research
tools, which allow for wireless and programmable control of the
RNS System. The tools can be carried by backpack in a Mo-
DBRS Full (weight ~9 Ib, Figure 1D) or Mo-DBRS Lite (weight
~1 Ib, Figure S1) wearable solution for use during ambulatory
or stationary research studies.

Mo-DBRS Full

The full wearable version of the platform (Mo-DBRS Full, Figures
1C and 1D) provides real-time viewing, storage, and synchroni-
zation of iEEG data with external data and on-demand triggering
of iES. These functionalities can be accessible on an encrypted
local wireless network through a transmission control protocol
(TCP)-based server running on a small-board computer, Rasp-
berry Pi (RP). The implanted RNS neurostimulator communi-
cates via near-field telemetry to a wand (Figure 1D) placed on
the participant’s head, above the underlying implanted device
(Figure 1C). A tablet or a laptop device (programmer), to which
the wand is connected, contains a user interface that allows
for manual control and data storage (Figure 1D). The program-
mer, when used with a custom-built programmer tool (Figure 1D),
accepts commands for iEEG storage (Store command) and iES
delivery (Stim command). Commands for changing iES parame-
ters are also available on the wireless server and should be sent
separately before the Stim command. The parameters for iES are
identical to those available on the commercially available and US
Food and Drug Administration (FDA)-approved system: current
(0-12 mA; increments 0.5/0.1 mA for RNS-300M/RNS-320), fre-
quency (1-333 Hz), pulse width (40-1,000 ps; increments 40 ps),
and duration (10-5,000 ms).

When used with an attached custom-built wand tool (Fig-
ure 1D), the wand allows for the injection of a marking signal
(via a Mark command) into the real-time iEEG data that can be
used for synchronization. The wand tool can also deliver an elec-
tromagnetic pulse (via a Magnet command), which triggers the
local storage of iEEG data on the RNS neurostimulator. While
iEEG data can be transferred to the programmer in real time
and stored via the Store command, the Magnet command trig-
gers the iEEG data to be saved on the RNS neurostimulator,
which can be retrieved later via the wand. For remote program-
mable control of the RNS System, the RP decrypts incoming
commands and forwards them to the programmer tool, and
then to the programmer (Store and Stim) or wand tool (Mark
and Magnet) for final execution. The Mark and Magnet com-
mands leave specific artifacts in the real-time iEEG data (Mark,
Figure 2A; Magnet, Figure 2B; Stim, Figure 2C), which can be
used for synchronization. Lastly, a custom-built telemetry switch
can be used to disable on-demand telemetry (“kill switch”) to
prevent associated artifacts in scalp EEG data, and can be
controlled by the RP (see STAR Methods). Research tools in
the blue boxes in Figure 1D are unique to the Mo-DBRS platform
and have not been used in previous studies.

We validated the Mo-DBRS platform in two ways: (1) ex vivo
(benchside) testing and characterization of wireless command
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Figure 1. Mobile Deep Brain Recording and Stimulation (Mo-DBRS) Platform
(A) The RNS neurostimulator model RNS-300M, with 2 leads containing 8 electrode contacts.
(B) A participant’s magnetic resonance imaging (MRI) scan showing 4-electrode contact locations (yellow) in the left hippocampus (electrode locations deter-

mined by co-registering a post-implant computed tomography [CT] scan).

(C) Mo-DBRS Full version with a wearable backpack that carries the research tools.

(D) Mo-DBRS research tools receive commands (Store, Stim, Magnet, Mark) from an experimental computer. A Raspberry Pi (RP) serves as an input to the
research tools via wireless forwarding of commands to the programmer tool, which are then implemented in the programmer (tablet or laptop) or wand tool. The
wand (black), which sends data to and from the implanted RNS neurostimulator, is enclosed in the wand tool (white), which executes Magnet and Mark com-
mands. The wand wirelessly transmits the commands from the programmer (Store and Stim) to the implanted RNS neurostimulator. The yellow-highlighted items
are research tools that can be carried in a backpack. Shown is the tablet programmer; however, the same setup applies if using the laptop programmer (dis-
continued by NeuroPace). The solid black arrows indicate a USB serial connection. The solid blue arrows indicate a custom, proprietary connection. The dashed
arrows indicate a single wired connection. The black and red Wi-Fi symbols indicate a wireless local network connection and near-field telemetry, respectively.
The telemetry switch is a USB device serving as a bridge between the programmer and the wand that can turn telemetry on and off and is controlled by RP.

latencies using an externalized test RNS neurostimulator device,
and (2) in vivo testing and characterization of wireless command
latencies in five (of seven) participants implanted with the RNS
neurostimulator. Ex vivo validation included measurements of
(1) absolute latencies between command (Store, Mark, Stim,
and Magnet) initiation and completed delivery and (2) relative la-
tencies between the delivered commands (Store, Mark, and
Magnet) and the recorded iEEG at command initiation. Absolute
latencies describe the delay between command initiation and
completion, while relative latencies describe the delay between
command initiation and the onset of implementation reflected
in the iIEEG data. Although absolute and relative latencies
depend on each other, for practical research purposes, the rela-
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tive latencies are more informative for synchronization with the
experimental task paradigm. When assessing the absolute and
relative latencies of each command, the standard deviation
(SD) compared to the mean is a more useful metric given that dif-
ferences in mean values across data streams can be accounted
for during synchronization. Relative latencies were measured
because of the added latency associated with each sample of
iEEG that travels from the analog front end of the RNS System
through digitization and telemetry before it is stored in the pro-
grammer (Figure S2A). We did not measure relative latencies
for the Stim command since iES is delivered and recorded at
the electrode site, and thus absolute and relative latencies are
equal. Absolute latencies for all of the commands were assessed



¢? CellPress

A C
S
E
N 4
I
=
o
=
i} 3
; il 1|
2 M} el »/v“v“ m‘\”v "‘"V\C‘ ‘\\‘A/‘W‘.lf 1\/\““\\,‘1\» \‘{‘ I ‘ r’wl\ \J'\ A‘fw\j\ )
Ml Vet B LN 1) W
B | ARG PPV
g r |
= 520 ms ! ‘
° L
(o]
s [ z Z
o -
(=3 o
> 04} ¥ S
0 02 0.4 06 08 1.0 20s s
t(s)
D E [12,16] ms F Tethered Wireless Wireless
Command (Laptop) (Laptop) (Tablet)
% Store 3094.11 (45.69) | 3092.02 (46.13) ’ 114523 (35.87)
@ Mark 1.51 (0.05) 371 (0.15) 265 (0.11)
o
§ Magnet 1354 (5.94) 1401 (7.13) ’ 13.23 (6.74)
0.4 . Stimulation | 1415.61 (87.04) | 1419.78 (93.41) | 135551 (26.5)

0O 01 02 03 04 05 06 07 08

0246 8 101214161820

“All times in ms

t(s) sample

Figure 2. Characterization of Mo-DBRS Command Latencies

(A) In vivo real-time iEEG data during a remotely delivered Mark command tested in vivo. A single Mark signal has a distinctive pattern with 3 spikes, 16 sample
points long (64 ms), and can be easily detected in post-processing procedures for synchronization purposes.
(B) An iEEG artifact (duration 520 ms) resulting from a remotely delivered Magnet signal recorded in real-time iEEG data in vivo. Shown is the full electromagnetic

pulse (520-ms duration).

(C) In vivo real-time iEEG activity showing 6 remotely delivered iES bursts (via the Stim command) with a 20-s interstimulation interval.
(D) Ex vivo testing showing a real-time iEEG captured Mark signal and a simultaneous reference pulse sent to the same iEEG channel being recorded.

(E) Magnified view of real-time iEEG (from D), showing that the Mark signal arrives before the reference pulse. In 10 test trials (different line colors), the offset
(relative latency) was 12-16 ms between the Mark command and the reference pulse. Given the sampling period of 4 ms, this reflects the synchronization ac-
curacy that can be achieved using the Mark command.

(F) Summarized absolute latencies showing the mean (SD) values for each command (Store, Mark, Magnet, and Stim) from the RP during tethered and wireless
setups with the laptop or tablet programmer. Note that absolute latencies for the Store command were measured with respect to the end of command delivery,

while for Stim, Mark, and Magnet, they were measured with respect to the onset of the associated signal in the iEEG.

The dotted lines represent command initiation.

using an oscilloscope (see STAR Methods, Ex Vivo Testing sec-
tion for details).

Absolute command latencies were quantified during wireless
and stationary (tethered, without the RP) setups using the tablet
and laptop programmer separately (Figure 2F). In the wireless
setup, additional delays were introduced by the RP (latency:
2,380 + 142 ps; 1,000 trials) and network transmission (latency:
149 + 14 ps; 1,000 trials). Overall, latencies were lower when us-
ing the tablet compared to the laptop programmer due to a more
responsive interface and faster serial communication in the
tablet than in the laptop programmer (57,600 versus
9,600 bps). Commands that involve interactions with the pro-
grammer (Store and Stim) had higher absolute latencies (Store:
1,145.23 + 35.87 ms, and Stim: 1,355.51 + 26.4 ms for the wire-
less tablet setup; see Figure 2F for tethered and wireless laptop
setups) due to the lag introduced by the (laptop and tablet) pro-
grammer’s graphical user interface (GUI).

Relative latencies were measured by using the RP to send a
command (Store, Mark, Stim, or Magnet) to the programmer
tool and a simultaneous reference pulse (offset at the source

22.5 +41.17 ps;) to a test RNS neurostimulator electrode contact
(Figure S2A; STAR Methods) to measure relative distance in time
(Figures 2D and 2E). We found that Marks consistently appeared
in the real-time iEEG 3-4 samples (mean + SD 13.78 + 2.04 ms,
range [12-16]; Figures 2D and 2E) before the reference pulse.
The relative latency of the Store command was 282.27 +
6.68 ms (Figure S2D). It should be noted that when using the
tablet programmer, the Store command is not needed since
iEEG data are saved automatically in parallel to the ongoing
real-time iEEG. Thus, there is no need to stop real-time iEEG
transmission to store the iEEG data unless there is a need to
partition chunks of saved iEEG data manually. Relative latencies
for the Stim command are equivalent to absolute latencies
(1,355.51 + 26.4 ms for the wireless tablet setup, Figure 2F).
See the Mo-DBRS Lite section for Magnet command latencies.

In vivo validation showed that execution of the Store and Stim
commands required a minimum amount of time to pass between
subsequent commands, during which real-time iEEG transmis-
sion stops and starts again once command implementation
has been completed, thereby increasing the absolute latencies
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(laptop programmer: Store = 4.6 s, Stim = 2 s; tablet program-
mer: Store = 2 s, Stim = 1.5 s). These values were obtained by
sending multiple consecutive commands and gradually lowering
the step between them (e.g., Stim in Figure 2C). We also
measured, in vivo, the variability in the delivery of Mark/Magnet
commands and confirmed that the relative latency uncertainty
(SD) was consistent with results from ex vivo experiments
(Mark: ~2.5 ms and Magnet: ~6.4 ms). During experimental
task paradigms, real-time iEEG was viewed remotely from the
programmer, via screen-sharing programs over the network
(Figures S3B-S3D) to confirm delivery of Marks and continuous
telemetry (no iEEG dropouts). For more details, see STAR
Methods.

Mo-DBRS Lite

The lightweight version of the platform (Mo-DBRS Lite, Figure S1)
uses an electromagnet device to trigger the RNS neurostimula-
tor’s onboard storage via the Magnet command (Figure S1A), re-
sulting in a record-only solution. Mo-DBRS Lite thus requires a
separate stand-alone electromagnet device with sufficient
driving power that can send a Magnet command, which can
be triggered (1) with a physical button press, (2) repeatedly, every
pre-configured number of seconds (Figure S1B), or (3) on de-
mand (Figure S1C) via a wireless network and an RP. For all three
options, a visible light-emitting diode (LED) worn externally (Fig-
ures S1B-S1D) and triggered simultaneously with the Magnet
can be used to synchronize stored iEEG activity offline with
externally acquired data from wearables. For the 3™ option, RP
timestamp logs can be used in addition to the Magnet command
and LED for synchronization purposes.

In general, synchronization is more accurate with Mo-DBRS
Full compared to Mo-DBRS Lite. Mo-DBRS Full uses the Mark
command and real-time iEEG, whereas Mo-DBRS Lite stores
iEEG data using the Magnet command, and hence, synchroniza-
tion depends on the extracted Magnet timestamp. A Magnet
event, once detected in the RNS neurostimulator, triggers the
storage of a predefined time period (fixed within the commer-
cially available RNS System) such that 2/3 (1/3) of the data saved
are before (after) the Magnet event. The detection of a Magnet is
effectively sampled by the RNS neurostimulator with a 2-Hz fre-
quency, and thus a variable offset between the Magnet-triggered
and consequently stored iEEG data occurs. To investigate
further, we sent a series of Marks and reference pulse pairs fol-
lowed by a Store and Magnet command in 20 repeated trials
(Figure S2B) ex vivo. Results showed that although the Magnet
absolute latency was 11.24 + 5.52 ms, the relative latency with
respect to the iEEG storage point was 423.87 + 78.99 ms (Fig-
ure S2E). The accuracy results are shown in Figures S2C-S2E.
All of the absolute and relative latency results from Mo-DBRS
Lite ex vivo testing regarding Magnet delivery also apply to
Mo-DBRS Full.

Mo-DBRS Integration with Other Wearables

A unique aspect of the Mo-DBRS platform is that it can be used
with participants wearing on-body sensors (wearables). The
platform provides solutions for the synchronization of iEEG,
iES, and wearables (Figure 3), including full-body motion capture
(Figure 3B), eye tracking (Figure 3C), biometrics (heart rate, skin
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conductance, respiration; Figure 3D), and scalp EEG (Figure 3F).
In addition to traditional two-dimensional (2D) computer-based
tasks and real-world scenarios, the Mo-DBRS platform allows
participants to view synchronized stimuli on VR/AR headsets
(Figures 3A and 3H) that simulate real-world experiences under
experimental control, while allowing for full head and body
movements.

All wearable equipment can be connected to the same local
network and synchronized with the experimental task paradigm
using software timestamping, Mark commands, and other task-
dependent visual/audio events captured by the wearables. The
total uncertainty (SD) of the relative latency of synchronization
between iEEG and wearable data is ~16 ms (Mo-DBRS Full)
and ~83 ms (Mo-DBRS Lite). Mo-DBRS Full relative latency un-
certainty is further increased compared to task-iEEG only
(16 ms compared to 2 ms, Table 1) because of sampling fre-
quency limitations related to wearables (e.g., motion capture
cameras at 60 fps). The Mo-DBRS Lite relative latency uncer-
tainty (SD) is unchanged; however, manual triggering of the
electromagnet increases this uncertainty from 78.99 ms (Fig-
ure S2E) to 83 ms (Table 2), related to an added delay associ-
ated with LED-based synchronization of iEEG with the experi-
mental task paradigm. An example participant wearing the
Mo-DBRS Full platform is shown in Figure 3, with the underlying
high-level code structure in Figure S3A. Experimental task par-
adigms seldom require all of the outlined components simulta-
neously and, therefore, the platform can be customized for a
specific research study.

Researchers use a variety of stimulus presentation software
programs on an experimental computer (Figure 3G) to imple-
ment experimental task paradigms whether stationary or mobile.
To expand usability, the Mo-DBRS platform includes open-
source code solutions for the most commonly used program-
ming environments (MATLAB, Unity, and Python), allowing
researchers to adapt and upgrade their experimental task para-
digms to work with the Mo-DBRS platform (Figure S3A). We also
provide a GUI solution for use on a phone or tablet (Figures S3B
and S3C) for manual non-automated experimental task
paradigms.

Mo-DBRS Integration with Scalp EEG

While iEEG allows for recording activity within specific deep
brain structures, scalp EEG remains a prominent method to
probe the human brain, as it is a more readily available meth-
odology due to its non-invasive nature (Parvizi and Kastner,
2018; Ramantani et al., 2016). The Mo-DBRS platform allows
for simultaneous iEEG and scalp EEG (Figures 4, S4, and S5),
an opportunity that can elucidate links between deep and sur-
face brain activity and bridge findings across studies. To
enable simultaneous iEEG and scalp EEG, we developed
two solutions for minimizing the RNS System’s telemetry-
related artifacts in scalp EEG data, which are a result of the
wand’s telemetry, given that the scalp EEG cap is placed in
between the wand and the implanted RNS System. The 15! so-
lution is a programmable switch for disabling/enabling telem-
etry (telemetry switch, Figures 4A and S4D-S4H), which dis-
ables RNS System telemetry when it is not necessary
and uses the Mo-DBRS Full Magnet command to retrieve
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Figure 3. Wearable Technologies Included in the Mo-DBRS Platform

Wearables listed (B-F), including their wireless connection with the experimental computer, a synchronization solution, and an example data trace for each. The
yellow boxes reflect the communication flow between the experimental computer and wearables. The black arrows show the communication flow (commands
sent). The blue arrows show the data flow (gray boxes indicate real-time data transfer and gray circles indicate on-device storage). The red arrows point to one
possible synchronization solution.

(A) A participant wearing the full Mo-DBRS platform with a VR headset.

(B) Wall-mounted cameras for 3D full-body motion capture used to record real-time position and movement streaming at a rate of 120 fps. The cameras are
connected through the local wireless network, and a pre-configured recording is controlled with a start/stop function. The recording box shows an example real-
time view of the participant’s location (left) and an extracted top-down view of the participant’s movement (right).

(C) A wearable eye-tracking system with 120 fps head direction camera and 200 fps eye cameras. Eye tracking is synchronized with wearable or wall-mounted
motion capture (B) cameras, or with LEDs/annotations triggered from within the experimental task paradigm controlled via the experimental computer. The eye-
tracking headset is connected through the local wireless network awaiting Start, Stop, Calibrate, or Annotate commands. The recording box shows a snapshot
view from 1 eye-tracking camera (right) and a 2D projection of pupil movement (left).

(D) Wearable biometric system for heart rate, skin conductance, and respiration measurements. The recording box shows an ECG recording trace in line with a
signal containing a 400-ms-wide synchronization pulse.

(E) The wireless implantable RNS neurostimulator is connected/synchronized with the experimental task paradigm controlled by the experimental computer-
through the local wireless network via the RP. The recording box shows example raw real-time iEEG data with an example Mark command signal used for
synchronization.

(F) Wearable scalp EEG cap. The recording box shows an example scalp EEG data trace with an example Mark command signal used for synchronization.
(G) Experimental computer (e.g., laptop, tablet, phone) running the experimental task paradigm.

(H) Example integrated VR/AR headsets are shown, including the SMI modified Samsung Gear VR, Microsoft HoloLens, and Magic Leap. In this case the
experimental computer runs on the VR/AR headset. For studies done in a real-world environment, an eye-tracking headset (shown in C) can be used instead.

non-transmitted iEEG data (see STAR Methods and Supple- and S5). These signal-processing techniques were modified
mentary Information). The 2"¢ method builds upon previous to correlate observed scalp EEG signals with the RNS System
work (O’Shea and Shenoy, 2018; Islam et al., 2016) for telemetry-specific templates and to filter out telemetry fre-
reducing stimulation and artifacts by relying on principal- quency bands in the time-frequency domain, resulting in a
component analysis (PCA) and wavelet transform (Figures 4 86.2% reduction in unwanted signal artifacts (Figures 4A
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Table 1. Comparison of Mo-DBRS with Previous Studies that Used the RNS System

Mo-DBRS Meisenhelter Rao et al.,

Full Mo-DBRS Lite et al., 2019 Aghajan et al., 2017 2017 Rao et al., 2017
Mobility Yes Yes No Yes No Yes
Wearables Yes Yes No No No No
Sync method Mark Magnet+LED Mark Magnet+LED Video Neural response
Task-iEEG Sync relative latency (mean) 14 ms 432 ms NR NR NR NR
Task-iEEG Sync relative latency (SD) 2ms 83 ms 4 ms 125 ms 60 ms 30 ms

Three key features are compared, including capability for use during ambulatory behaviors (mobility), integration with wearable technologies (wearables),
synchronization method (sync method), relative latency (mean) of iEEG synchronization with the experimental task paradigm (task-iIEEG sync relative latency
[mean]), and relative latency (SD) of iEEG synchronization with the experimental task paradigm (task-iEEG sync relative latency [SD]). NR, not reported.

and 4B), as reflected in the root-mean-square (RMS) values of
the scalp EEG signals (Figure 4C).

Mo-DBRS Example Data

Example data recorded from a participant wearing the Mo-DBRS
platform during which the individual was instructed to navigate to
a wall-mounted sign in a 20 x 17.8 ft? room is shown in Figure 5
and Video S1. Two coordinate systems are shown, one relative
to the room (motion capture; Figure 5B) and the other relative
to the participant’s head (eye tracking; Figure 5C). Example
iEEG data from additional participants are shown in Figure S6
and data from other wearables are shown in Figure S7.

The quality of iEEG data depends on the physical stability of
the placement of the wand on the participant’s head, which
can cause data loss (Figure S6E) temporarily if unstable. Only 1
participant (of 7 total) experienced iEEG data loss, in which
2.3% of total data were discarded due to dropouts. Lastly,
epileptiform activity (Figure S6F) was detected (1.27% on
average across participants) using previous methods (see the
Removing Epileptiform Activity section in STAR Methods). No ar-
tifacts due to VR/AR headsets were present in iEEG and scalp
EEG data, which was expected since VR/AR electronics and
communications operate at much higher frequencies (mega- or
gigahertz) compared to iEEG (250 Hz) and scalp EEG (2,000 Hz).

DISCUSSION

Currently, in the fields of cognitive and clinical neuroscience,
naturalistic behavioral paradigms with rich behavioral data limit

the recording of human neural data, while paradigms compara-
tively rich in neural data are almost impossible to carry out in
naturalistic settings. The Mo-DBRS platform provides a new
method for modulating and interrogating the human brain during
naturalistic behaviors with ecologically valid tasks. It enables
wireless and programmable iEEG and iES synchronized with bio-
logical and behavioral data via wearable technologies. We pro-
vide the functionalities and details necessary for building and
optimizing the Mo-DBRS platform—during ambulatory (Fig-
ure 6A) or stationary (Figure 6B) behavioral paradigms —through
real-time wireless control of sensing, stimulation, and synchroni-
zation with external devices such as eye tracking/VR/AR head-
sets (Figures 6A and 6D) and other behavioral measurements
(Figure 6C). Several components of the platform, including
open-source code for wireless programmable synchronization
with wearables, can be adapted for use with other existing
implantable neurostimulation devices (e.g., Medtronic Summit
RC+S) or those in development. In addition, when used in pa-
tients with neurologic and psychiatric disorders along with
continuous behavioral metrics, the Mo-DBRS platform provides
an opportunity to characterize neural mechanisms and develop
and test novel treatments.

Comparison with Previous Reports

The Mo-DBRS platform includes three key improvements
compared to previous work (Aghajan et al., 2017; Meisenhelter
et al., 2019; Henin et al., 2019; Rao et al., 2017): (1) improved
accuracy of synchronization, (2) mobility, and (3) integration
with multiple wearables. More important, the Mark-based

Table 2. Mo-DBRS Full versus Lite

Real- Telemetry Artifact

Time iES Task- Relative Scalp EEG-  Relative Solution for
Setup Options View Control iEEG Sync Latency (ms) iEEG Sync Latency (ms) Scalp EEG Wearability Weight (Ib)
Mo-DBRS Full Yes Yes Mark 14 +2 Mark 16+ 4 Offline processing Full wearable ~9
real-time iEEG platform
Mo-DBRS Lite No No LED/ 432 + 83/ Magnet 424 + 79 None Lightweight — ~1
magnet iEEG Magnet 424 + 79 wearable

platform

Mo-DBRS Full real- Yes Yes Mark/ 14 £ 2/ Mark/ 16 + 4/426 + Telemetry switch + Full wearable ~9
time + magnet iEEG Magnet 424 + 79 Magnet/Stim 81/2 + 2 offline processing  platform

Mo-DBRS setup options and whether they allow for real-time iEEG, magnet-triggered iEEG (magnet iEEG), or iES. The methods for synchronization of
iEEG with the experimental task program (IEEG-task sync) and scalp EEG (IEEG-scalp EEG sync), and the associated relative latencies and solutions
for minimizing telemetry-related artifacts are also shown. The presented relative latencies (mean + SD) are rounded.
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Figure 4. Artifact Rejection Solution for Simultaneous iEEG and Scalp EEG

Steps used for artifact reduction shown in an example scalp EEG channel.

(A) An example scalp EEG channel showing activity before (1), during (2 and 3), and after (4) offline cleaning steps when the telemetry switch is turned off (see
STAR Methods). Note that the y axis (voltage) is unscaled since step 4 is magnified (x4) compared to steps 1-3.

(B) Time-frequency power scaleogram of raw (top, step 1 from A) and cleaned (bottom, step 4 from A) scalp EEG activity. The color bar scale represents
normalized power with respect to the maximum power from the raw data (top, step 1 from A).

(C) Normalized RMS value (mean, SD) of the signal for all channels before and after cleaning, as well as comparison with RMS of the corresponding baseline scalp

EEG, unaffected by artifacts.

synchronization method (Meisenhelter et al., 2019) has an
improved relative latency (14 + 2 ms) and can be used during
freely moving behaviors. Mo-DBRS Lite provides a programma-
ble and remote solution for the Magnet-based synchronization
methods used previously (Aghajan et al., 2017). We also report
the uncertainty of Mark and Magnet command relative latencies
with respect to actual recording channels and consider Mark and
Magnet artifact shifts in the iEEG data, unlike in previous studies
(Aghajan et al., 2017; Meisenhelter et al., 2019) (Table 1). The Mo-
DBRS Mark-based synchronization solution is also more reliable
than camera-based solutions (that record the programmer’s
screen, task-related events, and/or known neural responses in
iEEG) used in previous studies (Rao et al., 2017) and is thus
not limited by associated uncertainties (e.g., responsiveness of
the programmer’s GUI or variability of neural responses across
participants). Furthermore, Mo-DBRS Full allows for continuous
recordings without the need to restart the synchronization
methods if telemetry is lost and/or after breaks between experi-
mental sessions. Mo-DBRS provides a single, flexible framework
with multiple neural and behavioral measurements that can be
used in ambulatory tasks with hardware and software details
included to enable others to build the platform in their own
laboratories.

Trade-offs and Limitations

While there are clear advantages in adopting the Mo-DBRS plat-
form to provide a unique window into the human brain during
naturalistic behaviors, future studies should be cognizant of
the limitations related to iEEG recordings in patients with neuro-
logic or psychiatric disorders (Parvizi and Kastner, 2018). Also, it

should be borne in mind that the specific wearable platform
version (i.e., Mo-DBRS Full or Lite) affects the system setup
and thus, the trade-offs between wearability and capabilities
should be considered during the experimental task paradigm
design (Table 2).

Mo-DBRS Full compared to Lite provides continuous real-time
iEEG, the ability to perform on-demand iES, and more accurate
synchronization at the expense of having more on-body equip-
ment, while still relatively lightweight (~9 Ib). The additional la-
tency and uncertainty associated with Mo-DBRS Lite (mean +
SD, 432 + 83 ms; Table 2) comes from the fact that the RNS neu-
rostimulator registers a Magnet event only every 500 ms. The
synchronization of Mo-DBRS Lite, however, can be improved
by observing a known neural response to specific stimuli (Rao
et al., 2017) or with future hardware or software changes to the
commercially available RNS neurostimulator. Once a Magnet is
detected, an iEEG data window is stored based on preprogram-
ming that is modifiable by the user (30, 60, 120, 180, and 240 s
long) and with a fixed 2:1 ratio of data saved before and after
the captured Magnet. Mo-DBRS Full is also capable of sending
a Magnet command, which can be used as a backup method to
recover data if real-time iEEG communication drops. Another
limitation of Mo-DBRS Full is the relatively long latency (~1.4 s;
Figure 2F) of the Stim command, which is limited by the capabil-
ities of the RNS System, and is thus important to consider when
implementing time-locked iES research studies. However,
research studies that rely on closed-loop iES available in the
commercially available RNS System to detect an iEEG feature
(e.g., oscillatory band power or phase value) can avoid this la-
tency limitation by preprogramming the RNS System to directly
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Figure 5. Simultaneous Measurements of Neural Activity and Other Behavioral Variables in a Freely Moving Human

(A) Participant completing a spatial navigation task (photograph taken using a wall-mounted camera).

(B) Top-down view of the room with an example participant’s trajectory during a 20-s walk (from point A to point B) extracted from motion capture data. Black dots
from Ato B along the path represent where the participant is after 1, 2, ..., 20 s. Also shown is a room-coordinate system and the defined velocity vector. The z axis
is not shown for simplicity.

(C) Eye movements were tracked using a head coordinate system (in which horizontal and vertical angles are defined). To obtain absolute eye movements with
respect to the room-coordinate system, head movements were extracted from the motion capture data and then used to convert eye movements from the head
to the room-coordinate system in 3D.

(legend continued on next page)
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Figure 6. Additional Photographs of the Mo-DBRS Platform in Naturalistic and Laboratory Settings
(A) A participant wearing the Mo-DBRS Full platform showing the backpack connected to the wand.

(B) A participant performing a laboratory-based stationary task.
C
(

trigger iES based on iEEG activity. This option is available for
users on the programmer. In this case, iIEEG detection latency
ranges from ~0 to 128 ms, depending on the tracked iEEG fre-
quency band. Latency associated with iES ranges from ~0 to
192 ms, depending on electrode impedance, battery depletion,
and iES current. In total, closed-loop iES latency ranges between
~0and 320 ms. There is also an optional added delay that is con-
figurable to target iES to an upcoming frequency phase (refer to
NeuroPace for details).

Security of the Wireless Connection

For researchers who enter into a collaborative agreement with a
device company (e.g., NeuroPace, Medtronic), use an IRB-
approved protocol, and obtain participants’ informed consent,
the Mo-DBRS platform can provide temporary access to and
programmable control over several aspects of the implanted de-
vice, all within the established limitations of the FDA-approved
device. It is critical to further ensure the security of the added
wireless connection associated with Mo-DBRS Full (see STAR

) Wearable equipment for biometric recordings, including a respiration belt, skin conductance, and heart rate sensor.
D) A participant wearing the Mo-DBRS Full platform with the Magic Leap AR headset in a laboratory equipped with wall-mounted motion capture cameras.

Methods, Mo-DBRS Security section). Of note, for Mo-DBRS
integration, the RNS System is not modified to remove any pass-
word controls, nor is any direct communication with the RNS
Neurostimulator possible outside of the FDA-approved pro-
grammer-wand-neurostimulator interface.

Ethical Considerations

Patients with implanted RNS neurostimulators often have long
periods of time (e.g., months) during which therapy is not
enabled for clinical reasons (e.g., evaluation of candidate iEEG
signals for therapy) and research-related studies can be
completed. Participants can also consent to have therapy
temporarily withheld during an experimental task paradigm.
Alternatively, careful selection and recruitment of participants
with a historically lower frequency of treatment events (i.e., daily
iES deliveries) or completion of research studies during optimal
times given circadian and/or multidien rhythms in clinical symp-
toms (Baud et al., 2018) may further reduce the presence of con-
founding treatment-related iES events during research studies.

(D) Raw and synchronized iEEG from 4 bipolar recording channels, motion capture, and eye-tracking data are shown from the same participant, captured during
the 20-s walking period. The position of the participant’s pupils at 3 time points is highlighted in different background colors. Body and eye motion variables
correspond to the vectors defined in (B) and (C). The colorbar of the iEEG Power Scaleogram represents the un-normalized output of the continuous wavelet

transform (see STAR Methods).
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In our experience, this approach has resulted in very rare ther-
apy-related instances of iES (~0.03% of iEEG data affected in
only 1 participant).

Any added risks related to iES are minimal since stimulation
charge densities used in research are usually much lower
(<10 uC/cm?, Suthana et al., 2012, 2018) than what is typically
used clinically, for example, in epilepsy treatment (maximum
RNS System charge density that can be delivered is 25 uC/
cm?). To minimize risks, a clinician (e.g., neurologist) should
view iEEG activity during iES sessions, and iES should be set
below the threshold that elicits after-discharges, monitored
continuously, and immediately reduced, if needed.

Participants should also be informed of risks related to battery
drainage from Mo-DBRS-related research studies, which are
minimal with respect to the RNS System’s 4-year (RNS-300M)
or 8-year (RNS-320) typical timeline for neurostimulator replace-
ment due to battery depletion. In other systems (e.g., RC+S),
these risks are negligible, given the capabilities of rechargeable
battery. For the RNS System, the impact on battery life from
Magnet-triggered iEEG storage is similar to that of treatment-
related IEEG storage due to patient Magnet swipes. Battery
impact due to iES in a typical research study is similar to or lower
than ongoing clinically programmed responsive neurostimula-
tion therapy, the impact of which is further reduced by the use
of lower iES current settings in research protocols. Real-time
iEEG has more of an impact on battery life, where 1 h of research
equates to ~10 h of battery life. Given the widespread use of
implantable neurostimulation devices, there are a number of po-
tential research candidates (>2,000), and thus each participant’s
time commitment can be limited to reduce impact on battery life
(e.g., 1-2 days out of the 4-/8-year timelines). Ethical consider-
ations related to the withholding of treatment, iES, and battery
drainage should be discussed with and approved by an IRB,
communicated to the participant during informed consent, and
considered during study design and the participant-recruitment
process.

Compatibility of Mo-DBRS with Other Implantable
Devices
The Mo-DBRS platform is designed for the NeuroPace RNS Sys-
tem since it is the closed-loop neurostimulation system presently
implanted in the largest population (>2,000 patients, with
average quarterly implants exceeding 150), while other systems
emerge (e.g., Medtronic Summit RC+S), which are implanted ina
dozen or so patients (Stanslaski et al., 2018; Kremen et al., 2018;
Gilron et al., 2020). The RC+S System allows for semi-contin-
uous iEEG recording and hardware/software resources for
closed-loop iES. It also has Bluetooth remote connection capa-
bility and an application programming interface (API) that allows
for the development of custom software for device control. While
not all Mo-DBRS research tools are necessary for using the
RC+S system for research, the RP, wearables, and associated
experimental computer and task paradigm scripts can be inte-
grated to expand the functionality of the RC+S System for use
in a broader array of research studies.

Devices such as an RP provide an opportunity for the develop-
ment of hardware and software solutions that can integrate mul-
tiple wearables with an implanted system. Future studies should
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investigate whether the Mo-DBRS platform can be integrated
with the RC+S System by having the clinician telemetry module
(CTM; Stanslaski et al., 2018) connected to the RP via a USB
(universal serial bus) connection. This would likely shorten the
Bluetooth transmission latency for communication with the
external control interface, while still allowing remote access
over the network for necessary commands. Synchronization of
iEEG with wearables would also likely be improved since Mo-
DBRS external hardware is used for alignment. Future studies
should also investigate whether an electromagnet device can
be used for synchronization with other implantable devices.
The RC+S System does not have a Mark synchronization option
and instead relies on internal pulse generator timestamps. The
absence of a reference signal (e.g., Mark) can pose a challenge
for synchronization with externalized data due to clock drift. In
such cases, the ground truth can only be established by using
simultaneous events (e.g., Marks, Magnets) that can be
observed in the different data streams.

Mo-DBRS Use Cases

Neuroscience-related research on behaviors that involve natu-
ralistic body and/or head movements, such as walking, driving,
eating, and socializing, is uniquely suited for studies using the
Mo-DBRS platform. Furthermore, Mo-DBRS studies with pa-
tients who suffer from movement-related disorders (e.g.,
walking/driving with Parkinson disease, dystonia), loss of control
(e.g., eating), obsessive-compulsive disorder (e.g., compul-
sions), and post-traumatic stress disorder (e.g., trauma-related
memories) are now possible given ongoing clinical trials in
these patients using implantable closed-loop neurostimulation
devices (https://www.clinicaltrials.gov NCT04011449 [2019],
NCT03582891 [2018], and NCT04152993 [2019]; Wu et al.,
2018). Patients with significant comorbidities (e.g., severe move-
ment impairments) may be unable to wear the Mo-DBRS
research tools on-body, in which case Mo-DBRS Lite or Mo-
DBRS Full stationary setups may be more suitable. Research
planning should involve the careful selection of individuals de-
pending on the study’s needs and a participant’s capabilities.
With the increasing use of chronically implanted closed-loop
neurostimulation systems within a variety of deep brain regions,
collaborative and multi-institutional studies will be in a unique
position to optimize the design of future Mo-DBRS-related
studies in the fields of cognitive and clinical neuroscience.
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Detailed methods are provided in the online version of this paper
and include the following:
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e RESOURCE AVAILABILITY
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O Data and Code Availability
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

MATLAB R2018A The MathWorks https://www.mathworks.com/products/matlab.html

Python 2.7
Unity 2018.4.14f1
Mo-DBRS Custom Scripts

Python Software Foundation
Unity Technologies
This work

https://www.python.org/download/releases/2.7/
https://unity3d.com/get-unity/download/archive/
https://github.com/suthanalab/Mo-DBRS

Other

Raspberry Pi 3 Model B+

Pupil Labs Core
Optitrack Motion Capture
Mobile Scalp EEG
Biometric Measurements

Raspberry Pi Foundation

Pupil Labs

Natural Point, Inc
ANT Neuro

Biopac Systems, Inc

https://www.raspberrypi.org/products/
raspberry-pi-3-model-b-plus/
https://pupil-labs.com/products/core/
https://optitrack.com/products/primex-13/
https://www.ant-neuro.com/products/eego_mylab

https://www.biopac.com/research/

Mo-DBRS Custom Hardware This work https://github.com/suthanalab/Mo-DBRS

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Nanthia Suthana
(nsuthana@mednet.ucla.edu)

Materials Availability
The code, data and materials for the re-creation of the Mo-DBRS platform as well as suggested solutions for proper use, setup, and
synchronization of data streams are publicly available at GitHub repository (https://github.com/suthanalab/Mo-DBRS).

Data and Code Availability
The code is open-source and can be downloaded from GitHub repository (https://github.com/suthanalab/Mo-DBRS). Further data is
available from the corresponding author upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We implemented the Mo-DBRS platform in-vivo in seven participants previously implanted with the RNS Neurostimulator (Table S1)
for treatment in accordance with the product labeling and ex-vivo (benchside) with a test RNS Neurostimulator. For in-vivo tests, all
participants volunteered for the study by providing informed consent according to a protocol approved by the UCLA Medical Insti-
tutional Review Board (IRB). To avoid unintended stimulation artifacts in the iEEG activity, responsive neurostimulation therapy was
not enabled during experimental sessions, given the participant’s informed consent to do so. Neuropsychological scores for each
individual were determined using known and previously reported methods (Suthana et al., 2015) (Table S2).

METHOD DETAILS

Mo-DBRS Components and Setup

Intracranial EEG (iEEG) Data Acquisition

The FDA-approved RNS System (Figure 1A) includes an implantable neural device (RNS Neurostimulator) used to detect abnormal
electrical activity in the brain and respond by delivering imperceptible levels of electrical stimulation to normalize brain activity before
an individual experiences a seizure. Each participant with an RNS System has one or two implanted lead(s) that are 1.27 mm in diam-
eter, each with four platinum-iridium electrode contacts and an electrode spacing of either 3.5- or 10-mm. To localize electrode
contacts to specific brain regions, a high-resolution post-implantation CT image is obtained and co-registered to a pre-implantation
whole brain and high-resolution MRI for each participant using previous methods (Suthana et al., 2015) (Example Figure 1B). The RNS
System records iEEG activity on up to four bipolar channels at 250 Hz. Onboard Analog filters (FFT magnitude spectrums Figures S6
and S7) can be configured to capture the widest possible bandwidth 4 — 120 Hz for the RNS-300M or 1 — 90 Hz for the RNS-320
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models. The analog filter is 1 order Butterworth bandpassed with a 3 dB amplitude attenuation at the cutoff frequencies. If neces-
sary, the real amplitude levels of the neural signal at the out-of-range frequencies close to cutoffs can be estimated using a 15 order
Butterworth transfer function. We verified the filter transfer function with the test RNS-300M with low frequency single tones and ob-
tained the amplitude attenuation results: 4 Hz-0.71, 3Hz-0.60, 2 Hz - 0.42. The acquired iEEG data can be stored in real-time (Real-
Time iEEG) or transferred at a later time (Magnet-triggered iEEG) to a Laptop or Tablet Programmer device (see the Mo-DBRS IEEG
Research Tools section below for details). To view Real-Time iEEG activity on the Experimental Computer, a Virtual Network
Computing (VNC) TightVNC server was installed on the Laptop Programmer, running while placed in the participant’s backpack. Until
VNC can be supported on the Tablet Programmer, a phone camera stream can be transmitted and used for viewing the real-time data
(Figure S3D).

Virtual and Augmented Reality (VR/AR)

The Mo-DBRS platform currently enables successful synchronization with VR/AR headsets equipped with eye-tracking, including the
SMI modified Samsung gear VR, TOBII HTC Vive, Microsoft HoloLens, Magic Leap and can be adapted for use with other VR/AR
headsets. VR/AR environments are programmed using openly available 3-D modeling and game development tools such as the Unity
game engine and the C# language, to implement customized immersive environments with controlled stimuli and functionalities. Us-
ing motion capture (wearable or wall-mounted cameras), the participant’s location can be mirrored in real-time in the VR/AR appli-
cation. Example code for this implementation is openly available on GitHub (https://github.com/suthanalab/Mo-DBRS).

Biometric Measurements

Simultaneous Photoplethysmogram (PPG), electrodermal activity (EDA), electrocardiogram (ECG), and respiration (RSP) measure-
ments can be performed using the wireless and wearable Smart Center system (BIOPAC® Systems, Inc.), controlled by the Acg-
Knowledge software interface. The Mo-DBRS platform integrates the BioNomadix Smart Center device, a digital interface with a
USB connection, that collects data from two BioNomadix (Figure 3D) transmitters (First: RSP + ECG; Second: PPG + EDA). The
USB-TTL Interface module can be used for millisecond accurate TTL synchronization through a USB serial port.

The setup uses three ECG recording electrodes fixed to the left and right upper chest and one on the left lower chest. Two EDA
recording electrodes can also be placed on the tips of non-dominant hand fingers (Figure 6C). The BioNomadix and USB-TTL inter-
face module is connected to acquisition modules and an Experimental Computer. Within the Biopac AcgKnowledge software, which
is run on the Experimental Computer, all recordings can be configured with a sampling rate of 2 kHz. The Biopac acquisition software
can run throughout the experimental session, and the data can be synchronized with the iEEG data and other recordings from the
Mo-DBRS platform offline.

Eye-tracking

Many VR/AR headsets currently have built-in eye-tracking (e.g., SMI modified Samsung gear VR, TOBII HTC Vive, Microsoft Holo-
lens, Magic Leap), which is automatically synchronized with the VR/AR tasks (for example programmed in the Unity game engine).
For real-world tasks in naturalistic environments, the lightweight Pupil-Labs eye-tracking device (Pupil Core headset, Kassner et al.,
2014) can be used, which has an open-source platform for pervasive eye-tracking and mobile gaze-based interaction—providing
binocular eye cameras (up to 200 fps), and an external world-view camera (up to 120 fps) (Figure 3C). An Experimental Computer
can control the eye-tracking hardware through ZeroMQ asynchronous messaging over a local network. The Pupil-Labs mobile appli-
cation and an Android phone that controls the head-mounted eye-tracking device can be used for ambulatory tasks, whereas a direct
connection is sufficient for stationary tasks. The Pupil Capture plugin manager can be configured to include: Annotation Capture
(software synchronization marks), Blink Detection (online blink detection algorithm), Pupil Remote (allows wireless eye-tracking con-
trol and streaming), Time Sync (for network clock synchronization). For calibration, we used the Screen Marker Calibration and Ac-
curacy Visualizer to assess its quality.

Scalp EEG

Participants with chronically implanted neural devices can also wear a scalp EEG cap that allows for ambulatory behaviors. We in-
tegrated, with the Mo-DBRS platform, a mobile 64-channel scalp EEG system (Wave Guard and eego mylab system, ANT Neuro, the
Netherlands) that includes a lightweight amplifier (~2 Ibs) which connects to the EEG cap and a small tablet to which data is being
transmitted, and which can both be carried in a backpack. For electrode digitization and localization, we used ANT Neuro’s xensor, a
system for real-time EEG electrode pinpointing, digitization, and visualization based on infrared high-accuracy measurements (<
2 mm accuracy). Measurements were performed using a pointer and reference tools (infrared-reflective objects) relative to the
head and underlying brain (if MRI was available). Accuracy was further improved by using xensor’s built-in feature for individual
head shape generation (ANT Neuro Xensor, https://www.ant-neuro.com/products/xensor). Scalp EEG and iEEG data were then syn-
chronized (see the Mo-DBRS Synchronization section below) and analyzed offline.

Mo-DBRS iEEG Research Tools

Flexible control over the implanted RNS Neurostimulator, real-time iEEG recording and storage, iES delivery, and synchronization
of data streams during free movement require additional tools that the user can re-create. These Research Tools are listed
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below, some of which come with the commercially available RNS System and others that can be provided by NeuroPace upon
request or built by the user using the circuit and software code details provided here. Previous studies (Aghajan et al., 2017; Meisen-
helter et al., 2019; Henin et al., 2019; Rao et al., 2017) have used variations of the Programmer, Programmer Tool, Wand, Wand Tool,
and Electromagnet.

Experimental Computer
Any experimental device (e.g., laptop, desktop or phone) that runs the behavioral or cognitive task of interest (Experimental Task Pro-
gram) and sends commands over the network to remotely control the RNS System (Figure 1D).

Programmer

A Programmer (Laptop or Tablet version) that comes with the commercially available RNS System can be used to retrieve, store, and
monitor Real-Time iEEG as well as trigger delivery of iES (Figure 1D). The Laptop Programmer is only compatible with the older RNS-
300M model (discontinued by NeuroPace), and the Tablet Programmer is compatible with both the older RNS-300M and newer RNS-
320 models. The Tablet Programmer does not require the researcher to manually program data storage commands (i.e., using the
Store command, see the Programmer Tool section below) into the Experimental Task Program (see GitHub link for example code),
unlike the Laptop Programmer, since Real-Time iEEG data storage on the Tablet is performed automatically in chunks of a predefined
duration (programmable by the user) between 60 s and 90 minutes. Lastly, the Tablet Programmer is more responsive and thus de-
livers commands to the implanted RNS Neurostimulator faster (see the Mo-DBRS Characterization and Validation section) compared
to the Laptop Programmer.

Programmer Tool

To control the Programmer’s graphical user interface (GUI), a Programmer Tool, or Arduino SAM Board (Model “Due,” 32-Bit ARM
Cortex-M3) can be used, which accepts one ASCII byte from the Experimental Computer and forward the information to the Pro-
grammer or Wand Tool (Figure 1D). The Programmer tool can be provided by NeuroPace upon request. There are two firmware ver-
sions for the Programmer Tool, one compatible with the Laptop Programmer and the other one with the Tablet Programmer. The
Laptop Programmer Tool allows for a trigger of four valid commands on the Programmer: 1) The Store command stops Real-
Time iEEG transmission, stores up to 240 s of previously observed data, and then starts Real-Time iEEG again via a mouse click
that selects related functions within the Laptop Programmer GUI. 2) The Stim command initiates the Laptop Programmer to trigger
the delivery of iES under predefined parameters that can be manually set by the user on the Laptop Programmer. 3) The Mark com-
mand delivers a timed and visible pattern into the Real-Time iEEG recording, allowing synchronization with externally acquired data.
Specifically, the Mark command triggers the Wand Tool to inject a distinctive noise pattern, 64 ms in duration, into the Real-Time iEEG
data (Figure 2A) that can be analytically distinguished from the ongoing neural signal (see the Mo-DBRS Synchronization section
below). 4) The Magnet command delivers a 520 ms wide electromagnetic pulse (Figure 2B), which triggers iEEG storage on the im-
planted RNS Neurostimulator. This command allows an alternative way of storing the iEEG data through the Wand Tool that does not
require real-time transmission to the Programmer. However, if using the Magnet command to trigger data storage, the iEEG data
needs to be externally downloaded (by interrogating the implanted RNS Neurostimulator via the Wand) before it gets overwritten
by another Magnet command (given the RNS System’s limited on-device storage space). The RNS-300M (RNS-320) model can store
up to 7.5 (13) minutes of Magnet-triggered iEEG data (from 8 electrodes, 4 bipolar recordings). The RNS System data buffer capacity
is increased if recording on fewer channels (e.g., up to 30 minutes [RNS-300M] and 53-minutes [RNS-320] recordings on 1 bipolar
channel). The Tablet Programmer Tool provides a broader range of possible controls in addition to the described four commands
enabled with the Laptop Programmer. Specifically, there is added support for: RNS-300M/RNS-320 mode selection, independent
Real-Time iEEG start/stop commands, and software labeling for synchronization and other purposes.

The Programmer Tool’s input is a USB serial connection (baud rate: 9600 bps Laptop Programmer Tool, 57600 bps Tablet Pro-
grammer Tool). It has two outputs, an output USB connection toward the Programmer and a proprietary NeuroPace connection to-
ward the Wand Tool (described below, Figure 1D). The Programmer Tool is powered with the input USB connection or a 12 V battery
(required for Magnet commands).

Wand

The Wand is a device that comes with the commercially available RNS System that every patient has in their possession and is used
to communicate wirelessly with the implanted RNS Neurostimulator via Near Field Telemetry when placed on the surface of the head
(Figure 1D).

Wand Tool

The Wand Tool is a device that holds the Wand and produces the command triggered Mark pulses for Real-Time iEEG synchroni-
zation and Magnet pulses for Magnet-triggered iEEG storage (Figure 1D). The Wand Tool is not part of the commercially available
RNS System but can be provided by NeuroPace upon request.
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Wireless Control Device (Raspberry Pi)

All of the previously described Research Tools can be used for stationary (tethered) laboratory computer-based Experimental Task
Programs. However, to enable a completely wearable solution that allows for free movement such as during spatial navigation of VR/
AR or real-world environments, a small single-board computer, such as the Raspberry Pi 3 (RP, Figure 1D), Model B, running Rasp-
bian GNU/Linux 9.9 (Stretch) distribution, can be used as a wireless bridge between the Experimental Computer and Programmer
Tool. This wireless control device can be built and customized by the user based on the details provided. The RP was chosen
because it satisfies the minimal requirements: onboard wireless (e.g., network controllers, Bluetooth, or others) and USB peripherals.
Wireless communication relies on a lightweight publish-subscribe network protocol MQTT v5 (Message Queuing Telemetry Trans-
port) running over a Transmission Control Protocol (TCP) and Transport Layer Security (TLS). Basic RP functionality involves running
a local, secure MQTT broker that reroutes messages from the Experimental Computer Client to an RP client, which further forward
commands from the Experimental Computer to the Programmer Tool. The communication between the RP and the Experimental
Computer is centered around the MQTT broker running on the RP. The security of this connection was handled using the MQTT
with a TLS security and x509 client certificates for authentication. On the RP we generated a local certificate authority, MQTT broker,
and server/client x509 certificates signed by that authority. The server and client certificates were used for securing the RP MQTT
broker, the RP MQTT client, and the Experimental Computer MQTT client, respectively. The custom shell script (see GitHub) was
used to perform these steps directly on the RP, after which the client certificates were securely transferred (direct, wired connection)
to the Experimental Computer. In this process, we used OpenSSL v1.1.1, an open-source toolkit for TLS (v1.2) protocols. With valid
certificates, this resulted in an encrypted pipeline (Experimental Computer Client — RP Broker — RP Client) through which the mes-
sages could flow securely. Mo-DBRS supports one connection at a time with trusted clients who have the signed certificate. If tasks
are completed in indoor environments, the RP can be configured with a static IP address and connected to a local wireless network.
We have used the Asus RT-AC5300 router; we suggest using this router or one with similar performance. For tasks in outdoor en-
vironments, the RP can be configured to provide a remote Access Point (Wi-Fi hotspot) (Raspberry Pi Foundation, 2017). If not explic-
itly stated otherwise, all example scripts (GitHub) on the RP were written in Python 2.7 and C, and are available for download. Once
the connection is established, the server can be put into an idle state (i.e., blocking the read call function) until a command from the
client is received. When the acknowledge receipt is received back from the Programmer Tool, a timestamp is logged. Experimental
Computer timestamps are also logged before each command, which can be later used to verify synchronization methods. The role of
the RP is critical in the following cases: 1) During the Experimental Task Program, the RP is the only communication channel between
the Experimental Computer and the Programmer Tool-this connection is necessary to send behaviorally relevant commands to the
Programmer Tool; 2) When the Experimental Task Program requires complex command sequences and their delivery at specific
times with high precision. In general, partial implementation of these functions at the RP level, rather than on the Experimental Com-
puter, warrants better flexibility and accuracy of timing; 3) When the Experimental Task Program can be entirely implemented on the
RP and, thus, the RP can serve the role of the Experimental Computer.

Telemetry Switch

Since the RNS Neurostimulator is a chronically implanted neural device with no externalized wires, it is possible to simultaneously
record scalp EEG synchronized with iEEG (see the Mo-DBRS Synchronization section for details). However, telemetry associated
with Real-Time iEEG results in noisy scalp EEG data, due to placement of the scalp EEG cap in between the Wand and the implanted
RNS Neurostimulator. We therefore provide solutions for noise reduction in the simultaneously recorded scalp EEG. The first solution
is the use of the Magnet command to trigger iEEG storage, which does not require telemetry and thus results in artifact-free scalp
EEG data. However, this method suffers from poor synchronization accuracy (> 250 ms) associated with the Magnet command rela-
tive latency. A second solution can be used is to programmatically switch on/off telemetry (using a Telemetry Switch, via a USB
connection) to prevent associated artifacts when telemetry is not needed. This can be implemented by manually unplugging of
the Wand USB cable from the Programmer, which would be impractical and prone to errors. Thus, we built a custom Telemetry
Switch that can be placed between the Programmer and the Wand (Figure 1D) to enable/disable telemetry when needed (i.e.,
enabled when sending commands) by controlling the digital input connected to the RP. If scalp EEG is not needed, the switch
may remain ON. The telemetry switch can be built and customized by the user based on the circuit details provided (see Figures
S4G and S4H) and code (GitHub). Telemetry Switch usage is described in the section on Scalp EEG Artifact Reduction, Telemetry
Switch. If telemetry is required, artifact rejection methods can be used offline after data acquisition (see the Scalp EEG Artifact
Reduction, Offline Processing section).

Electromagnet

The Mo-DBRS Lite version of the platform can be used as an alternative solution to the full Mo-DBRS platform, through the use of the
custom-built experimental electromagnet device, which, due to its size, is a more lightweight solution and thus comfortable for par-
ticipants who may be physically impaired and/or have limited mobility. The Mo-DBRS Lite platform requires an electromagnet device
that produces a pulse with a minimum duration of 520 ms (anything shorter will not be registered by the implanted RNS Neurostimu-
lator) that can be triggered by the custom-built battery-powered wearable control box (see Figure S1 for circuit details required to
reproduce the control box). The electromagnet component (Figures S1B and S1C) is not part of the commercially available RNS
System, rather it is a Research Tool that can be provided by NeuroPace upon request. Depending on a predefined length of
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Magnet-triggered stored iEEG data specified by the user in the Programmer prior to the experimental session, the electromagnet
device can be set to be triggered at predefined configurable time intervals (e.g., 30/60/90/180 or 240 s in our case). A small
LED—located at a proximity of the electromagnet—can be configured to turn on simultaneously with the triggered electromagnetic
pulse, and thus be captured by external or wearable cameras, which can later be used to synchronize iEEG activity with external data.
Manual triggering of the electromagnet and timers can be handled using a PIC controller (see assembly code on GitHub) that requires
additional circuitry for power amplification to drive the electromagnet (Figures S1A and S1B). For remote and programmatic control of
the wearable electromagnet device (including pulse duration and time of delivery), additional circuitry can be added to the RP (see-
Figures S1A and S1C for full details needed to reproduce).

Mo-DBRS Security

Itis critical to ensure the security of the added wireless connection associated with the Mo-DBRS Full platform. First, the security of the
router and created local network should be set up with strong credentials, firewall, encryption, and disabled internet access if not
required for the study. Second, standard security procedures, such as strong password protection, should be used for each device,
most importantly, for the Experimental Computer and RP. Third, the connection between the Experimental Computer and RP should
be established using client authentication and encryption. For this, we provide a solution in the form of certificate authentication, which
provides an encrypted communication channel (see Wireless Control Device (Raspberry Pi) section in STAR Methods for details).

Mo-DBRS Characterization and Validation

In-vivo testing

Seven participants wore the Mo-DBRS platform and maneuvered freely through an indoor environment, where wall-mounted motion
capture cameras were used to monitor position and full-body movements with sub-millimeter precision (Figure 3B). Eye position and
movements were recorded with the Pupil Core eye-tracking headset (Figure 3C) worn and carried with the Pupil Mobile phone device
inside of a wearable backpack (Figures 1C and 6A). Heart rate (ECG) was measured from the participant’s chest, and skin conduc-
tance via sensors from the fingers (Figures 3A, 3D, and 6C). Participants also wore a scalp EEG cap and were asked to carry a sturdy
backpack in which we placed necessary equipment (e.g., Mo-DBRS Research Tools, scalp EEG amplifier, and data acquisition
tablet). Participants were able to wear the setup comfortably for several hours throughout the day. The Wand and Wand Tool
were tightly strapped together with a ‘Wand holder’ (iPhone holder was used; Figures 1C, 3A, and 6A) using Velcro tape and a rubber
band to ensure a stable connection and prevent misalignment between the Wand and Wand Tool, which if not done correctly would
have led to missed Marks. The flexible metal Wand holder was secured to the backpack to relieve the weight of the Wand and Wand
Tool on the participant’s head and to provide stability and movement flexibility. Lastly, the Wand was angled close to the implanted
RNS Neurostimulator location. Once Real-Time iEEG telemetry was established, it was fixated to the scalp EEG cap using Velcro tape
placed on the side of the Wand Tool that was secured to the participant’s head (Figures 1C, 3A, and 6). We tested both the full Mo-
DBRS and Mo-DBRS Lite versions of the platform, which differed in how iEEG data was handled (see Table 2 and the Mo-DBRS Lite
section). Mo-DBRS uses the Store command to save streamed Real-Time iEEG on the Programmer (Figure 3E) and the Mark com-
mand for synchronization. The Mo-DBRS Lite version, on the other hand, uses the Magnet command to save iEEG on the implanted
RNS Neurostimulator and the same Magnet command for offline synchronization. In parallel, the Experimental Computer (Figure 3G)
acquires other streams of data by running the Experimental Task Program (e.g., in MATLAB or Unity), eye-tracking software, motion
capture software, and biometric measurements (Figures 3B-3D). The Experimental Task Program controls the flow of the experiment
based on collected streams of data in real-time. Closing the loop toward the participant in order to control a VR/AR environmental
scene, depending on the body and head position, can be achieved by updating the VR/AR headsets (Figure 3H) or sending Audio/
Video messages in real-time. Equipment can be connected through a local wireless network, allowing real-time control, storage,
streaming (Figures 3B-3F — communication on the left), and synchronization (Figures 3B-3F - recordings and synchronization on
the right) with the uncertainty of below 16 ms for the Mo-DBRS Full platform version. The synchronization fixation points are Mark
events for the Mo-DBRS Full platform and Magnet events when using the Mo-DBRS Lite version.

All commands were sent from the Experimental Computer using Unity software (see GitHub for example code). After the experi-
mental session, all data is then collected, synchronized, and scalp EEG can be cleaned using the methods described in the scalp EEG
Telemetry Artifact Rejection section. Continuous recordings from all wearables were performed while participants were walking freely
inside the room; simultaneous Mark signals were sent to all data streams with respect to the stored iEEG data. Synchronization sig-
nals (Marks) were sent 1 s after a Store command and 1 s before the next Store command.

Participants 1-5 and 7 freely walked through the room while iEEG and wearable recordings were performed. In Participant 6, Mo-
DBRS Full was used to record simultaneous iEEG, body/head motion, and eye tracking during a spatial navigation task in which they
were instructed to walk toward wall-mounted signs (Figure 5 and Video S1).

During separate sessions for Participants 1-5, we also characterized the reliability of Mo-DBRS commands (Store, Stim, Mark, and
Magnet) using the Research Tools and in the following order:

® m Mark and Store: 2 x 240 s iEEG blocks (via Store command) with 100 Mark commands each, delivered every 2 s.
o m Store, Magnet, and Stim: 3 x 240 s iEEG blocks (via Store and Magnet commands) each with 16 iES pulses (Stim command)
with 100 ms burst duration, 0.5 mA output current, each at every 1.8 s,2 s, and 2.2 s.
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o m Store, Magnet, and Stim: 3 x 240 s iEEG blocks (via Store and Magnet commands) each with 16 iES pulses (Stim command)
with 2000 ms burst duration, 0.5 mA output current, each at every 3.8 s, 4.2 s, and 5 s.

o m Store, Magnet, and Stim with the Telemetry Switch: 2 x 240 s iEEG blocks (via Store and Magnet commands) each with 8 iES
pulses (Stim command) with 100 ms burst duration, 0.5 mA output current, done with the Telemetry Switch on/off, o = 5 s;
ty =7s;t, =3s; tz =5 s (for t; definitions see the Scalp EEG Artifact Reduction, Telemetry Switch section below).

o m Store, Magnet, and Stim with telemetry switch: 1 x 240 siEEG block (via Store and Magnet commands) each with 16 iES trials
with 100 ms burst duration, 0.5 mA output current, done with the Telemetry Switch on/off, t, =4.8s;t; =3.9s;t,=0s;t3=5s.

Ex-vivo testing

Latency measurements were performed on a test RNS-300M Neurostimulator (bench-side ex-vivo). The same set of commands was
sent as in the in-vivo studies, but instead sent from the RP instead of the Experimental Computer. Command delivery triggered from
the RP and the corresponding absolute latency were estimated by executing a send function while simultaneously changing the state
of the RP’s General-Purpose Input-Output (GPIO) pin. The command delivery could be directly observed on the test RNS-300M de-
vice’s recording contacts and compared with the RP’s GPIO output using an oscilloscope. Execution of the Stim and Store command
could be observed directly on the recording contacts of the test RNS-300M device. For measuring absolute latencies of the Mark and
Magnet commands, a test coil with two turns and a resistor was placed in between the Wand and the test RNS-300M device. The
timing of the generated voltage across the resistor was then measured with respect to the RP GPIO.

For measuring relative latencies, a Reference Pulse was generated on the RP’s GPIO pin, attenuated from 3.6 V to 2.6 mV using a
resistor divider, recorded by analog front-end, filtered, and digitized (250 Hz sampling) into the Real-Time iEEG (Figure S2A). We
observed the delivered Reference Pulse and command (Magnet and Mark) artifacts directly in the Real-Time iEEG, which was stored
via the Store command (implemented on the Programmer). Finally, we compared the Real-Time iEEG events with initiation time-
stamps from the RP to measure the relative latencies.

Due to different clocks on the test RNS-300M device and external wearable equipment, the RP timestamps and RNS timestamps
were synchronized by aligning the first Mark artifact that appeared in both recordings and setting the RP 1/f clock slope to be the
linear fit of the RNS clock slope. Effectively, this resulted in an adjustment of the RP timestamps by a ratio of the clock mismatch
between the test RNS-300M and RP (a similar method was used in Meisenhelter et al., 2019).

Network round-trip latencies between the Experimental Computer and the RP were measured directly in code using time libraries
on the RP (i.e., Python and C language). The Asus RT-AC5300 Wireless Router was used to provide a reliable connection within the
range of 20 m.

Mo-DBRS synchronization

We detail here an example solution for utilizing the Mark command for synchronization. Specifically, Marks are delivered right after the
Store command. At the same time, the Real-Time iEEG data is viewed in real-time to detect any loss of telemetry (Wand connection
with the implanted RNS Neurostimulator), in which case the corresponding Real-Time iEEG data can be discarded. Marks are then
detected using cross-correlation (no normalization) between iEEG data and each of 4 Mark signal templates, including a 3-spike tem-
plate (Figure 2A) and three versions of a 2-spike template (if 1 of the 3 spikes are missing). Marks are identified as the time points
where the correlation coefficient between the iEEG data and at least one of the four Mark templates is higher than 90% of the
maximum determined correlation coefficient. These time points are then used to verify that the corresponding iEEG signal value
is at a minimum (maximum absolute value of a signed 10-bit iEEG sample is 512) at the same time points. This cross-correlation pro-
cedure is repeated for the three versions of the 2-spike Mark template in cases where the full 3-spike Mark signal was not captured
completely. The Marks that are detected using these 2-spike templates are appropriately shifted in time to account for the missed
spike given that the predicted time between Mark template spikes is known. Using this method, we were able to detect all delivered
Mark signals in the Real-Time iEEG that contain at least 2 spikes. For synchronization of Magnet-triggered iEEG see the Mo-DBRS
Lite section.

For synchronization with the eye-tracking system, ZeroMQ API provides annotations for eye-tracking synchronization (~10 ms ac-
curacy) with other data streams. Software annotations can be delivered from the Experimental Task Program (running the behavioral
paradigms) to the Pupil-Labs software (Pupil Capture), which runs in parallel on the Experimental Computer. Annotation makers can
be sent to the Pupil-Labs software each time the Mark command is sent to the implanted RNS System. Additional and redundant
synchronization can be achieved by having a small LED placed on the edge of the outward-facing camera on the eye-tracking head-
set that can turn on for a short period of time (50 ms) simultaneously with the Mark command. The LED can be connected and
controlled by the RP.

Synchronization, monitored by the Experimental Task Program (Figures 3 and S3A), is summarized as follows:

o m Depending on the task, the iEEG, biometric measurements, and eye-tracking data can be synchronized using simultaneous
Mark commands sent by the Experimental Task Program.
o m iEEG/scalp EEG data can be synchronized with a Mark (or Magnet) command in the Mo-DBRS (Mo-DBRS Lite) platform.
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o m Due to pipeline delays with the eye-tracking software annotations, an LED indicator can be connected to the RP and turned
on whenever a Mark or Magnet command is being received on the RP (Figure S3A). Similar to the electromagnet device, we
used a 50 ms pulse from the RP to turn on an LED that was captured by the motion capture and eye-tracking cameras.

o m All clock drifts were handled the same way as what was done with iEEG data (see Ex-Vivo Testing section). The data was
aligned by matching the marking (Mark or Magnet) signals in all of the data streams and then subtracting the mean value of
the relative latencies separately for all wearable systems. The worst-case standard deviation of all relative latencies between
the various systems was used as the metric for assessing the total accuracy of synchronization.

There are two challenges in terms of synchronizing scalp EEG and iEEG data, as well as minimizing artifacts due to wireless
communication with the implanted RNS System (see the Telemetry Switch section above). Synchronization can be done via the
Mark or Magnet command, as the resulting signal patterns detected in the nearby scalp EEG electrodes are, in fact, beneficial
and can be used to align the scalp EEG and the iEEG data streams. On the other hand, noise patterns resulting from iES or Real-
Time iEEG transmission can be avoided using the Telemetry Switch or removed offline using signal processing methods (see the
Scalp EEG Artifact Reduction section below).

We performed referential recordings from all accessible channels in the scalp EEG, at 2000 Hz. A higher sampling rate was neces-
sary to capture the full frequency range of the RNS Wand telemetry signals in order to model the artifacts that are later used in the
cleaning procedure. The referential input signal range is up to 1000 mV,,, which was again useful for capturing large telemetry ar-
tifacts and preventing amplifier saturation. For more information on the ampilifier specification, see https://www.antneuro.com/
products/eego_mylab/specs.

Scalp EEG data was processed and synchronized with iEEG data using MATLAB 2018a with the Wavelet, Signal Processing, and
DSP System Toolboxes. We first began with the raw, unfiltered scalp EEG data from all 64 channels sampled at 2 kHz, denoted as
Rc x nr (C — number of channels; N, — number of sample points per task). Each row of R was standard score normalized
independently.

Next, we located the distinctive noise patterns (“synchronization artifacts”) that were created by either Marks (Figure 2A) or Mag-
nets (Figure 2B), depending on whether the Mo-DBRS or Mo-DBRS Lite was used. To do this, we created Magnet My, (N, = 1040
points at 2 kHz) and Mark Ty (N; = 128 points at 2 kHz) templates using scaled absolute values of their respective waveforms (e.g.,
Figures 2B and 2A). Similar to the Mark detection in Real-Time iEEG, exact positions of the artifacts were extracted using raw cross-
correlation with no normalization between each channel’s time series and templates. For positive side coefficients:
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Out of 64 channels, 10 with the highest scaling factor (i.e., s.d.) were chosen for the synchronization artifact detection due to their
proximity to the Wand. Since artifacts across the channels vary only in amplitude, it is best to detect from those with the highest arti-
fact to signal ratio. Additionally, we made three assumptions: 1) each of the 10 selected channels contained all of the delivered Marks
or Magnets, 2) within a single channel the Marks and Magnets all had the same amplitude, and 3) the scalp EEG signal amplitude
during Magnets and Marks was significantly larger than at any other times, including periods of Real-Time iEEG transmission. In prac-
tice, Magnet scalp EEG artifacts (Figure S4B) have the largest amplitude, followed by Mark scalp EEG artifacts (Figure S4A). Based on
these assumptions, we chose a threshold of 10% lower than the maximum observed correlation per channel. This automated method
for synchronization had a 98% success rate. It was confirmed by using manual inspection of 3 sample scalp EEG/iEEG datasets and
comparing it to the RP time logs of command delivery as ground truth. The incorrect 2% were all false positives that identified some of
the telemetry artifacts as Marks. Example figures showing artifacts in scalp EEG used for synchronization can be found in Supple-
mental Information (Figures S4A-S4C).

As each Magnet command saves 2/3 of the chosen iEEG data before and 1/3 after the Magnet event, we extracted 160 s
before and 80 s after the detected Magnet time point in the scalp EEG data (in this case of pre-configured 240 s Magnet iEEG storage
duration). The rest of the data was discarded, and a new scalp EEG matrix S 1 x ¢ x ns (T —number of trials; C — number of channels;
Ns — number of sample points per each 240 s block, e.g., 2000 Hz x 240 s) was synchronized with stored Magnet-triggered
iEEG data. When Real-Time iEEG was used, we sent a Mark command 1 s before and after the Store command. Scalp EEG
data in between two detected Marks, ~238 s apart, was extracted as one trial dataset and turned into the same scalp EEG matrix
S171 x ¢ x ns (Ns —2000 Hz x 238 s), aligned with the Real-Time iEEG data. Lastly, resulting matrices were again standard score
normalized per channel. If the Stim command was used, iEEG data (stored via Store or Magnet), could also be synchronized by
manual detection of iES artifacts in iEEG and scalp EEG. Of course, this synchronization is only feasible when iES artifacts are present
in the scalp EEG data (Figures S4C and S4F).

Scalp EEG Artifact Reduction

Telemetry Switch

We tested the functionality of the Telemetry Switch, which enabled telemetry communication at specific time points, for instance,
when sending a Store, Stim, or Mark command (Magnet command does not need telemetry). Here, despite losing continuous
Real-Time iEEG, a Magnet command can be used to store the iIEEG data since telemetry is disabled. For example, we performed
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an experimental session that involved sending a train of iES bursts, which required cycles of On/Off telemetry. One iES cycle included
enabling telemetry, which took t, seconds to get recognized by the GUI on the Programmer (scalp EEG remains unaffected by telem-
etry until t5). Once telemetry was enabled, the Stim command was sent, which required t; for delivery. Telemetry was then disabled
for an arbitrary period of t, immediately after the iES was delivered, thereby providing clean scalp EEG data. The last relevant timing
parameter was the time between the iES cycle preceding the triggering of data storage (t3) (Figure S4D). This operation resulted in
synchronized iEEG/scalp EEG recordings (Figures S4E and S4F). The procedure for sending other commands was done in a similar
manner by enabling telemetry (same ty) and varying t, values.

Minimal timings were determined in in-vivo experiments. The experimental telemetry switch was tested and used to partially pre-
vent contamination of scalp EEG with telemetry-associated artifacts. Telemetry restart, stimulation, and Real-Time iEEG noise pat-
terns were clearly present during the telemetry enabled state lasting t4 (Figure S4F, to =5 s; t; = 7 s; t, = 3 s; this sequence allows
delivery of continuous stimulation every 15 s). Due to the inevitable delays in this pipeline, namely recognizing telemetry by the Pro-
grammer and iES delivery (t, + t1), there was a lower limit for how often stimulation could be delivered reliably. We determined, empir-
ically, that the minimal timing values were t; = 4.8 s, t; = 3.9 s, t, = 0’ s, resulting in a total minimal stimulation period of 8.7 s using the
Laptop Programmer. Values below this threshold caused either missed Stim delivery commands or rejections by the RNS System.
The procedure for sending other commands was done similarly by enabling telemetry (same to) and varying t; values. It is worth noting
that although the Magnet command could be used to synchronize scalp EEG with iEEG offline, Mark commands and Real-Time iEEG
provide much higher accuracy (Figure S2). Thus, for highly accurate synchronization with scalp EEG, telemetry-enabled blocks of
Real-Time iEEG, containing Marks, should first be aligned with redundantly stored Magnet iEEG and then aligned with the scalp
EEG using either stimulation or Mark signals captured in the Real-Time iEEG data. It should also be mentioned that the same method
applies to the Tablet Programmer, except that the timings are expected to be somewhat improved.

Offline Processing

We provide here an offline solution for scalp EEG noise reduction to eliminate any artifacts that remain during enabled telemetry, such
as: 1) Telemetry restart artifacts (Type I); 2) iES artifacts (Type ll), and 3) and Real-Time iEEG artifacts (Type lll) (Figure S4F). Type |
artifacts appear as a series of alternating segments of two and three spikes, followed by a larger bi-spike (Figure S5A). Similarly, Type
Il artifacts consist of segments with two spikes, followed by a bi-spike (Figure S5B). Spike duration and their relative distance in time
were deterministic and fixed— a property that was capitalized upon in our artifact rejection procedure (Spike: 4 samples; bi-spike: 16
samples at 2 kHz). Type Il artifacts were spikes at 125 Hz (and harmonics) (Figure S5C).

Following the automated synchronization method for scalp EEG with iEEG, we normalized the Magnet/Mark-free scalp EEG
S11 x ¢ x Ns- TO do this, we first flattened the input matrix to Sq ¢ x (r.ng) (in the same order as it came from the raw data in order
to simplify analysis) and then applied the same technique to detect Type | and Type Il artifacts as we did with Magnets and Marks.
By observing scalp EEG recordings, we constructed binary templates Cyc (Ne = 3174 points at 2 kHz) and Dyg (Ng = 2824 points at
2kHz), following respective artifact waveforms from Figures S4F, S5A, S4F, and S5B. Note, that 3174 samples or 1.587 s of Cy tem-
plate plus 2824 samples or 1.412 s of Dng template correspond to a portion of defined t4 containing artifacts. With no Marks/Magnets,
we made the same three assumptions used for synchronization and detected two types of artifacts using correlation. Again, for
detection, we used ten channels with the highest physical proximity to the Wand. The manual inspection confirmed a 100% success
rate in detection across 3 separate scalp EEG datasets, with RNS time logs of command delivery serving as the ground truth. Once
the Marks/Magnets were detected, we extracted trials and exact sample points, resulting in matrices Ana x ¢ x nec @Nd Ana x ¢ x Nd
(Figures 4A (1) and 4B-top) for the two types of artifacts (N, corresponds to a number of detected artifacts per observed channel). We
then applied PCA on scalp EEG N, and Nq time series across all channels for each detected artifact separately, while skipping PCA
application on adjacent channel pairs (O’Shea and Shenoy, 2018). The first 3 PCA components were sufficient to capture the arti-
facts’ shape shared across different channels. We then eliminated clean scalp EEG during non-spike periods by point multiplication
PCine X Cne (@nd PC; ng X Dng) per each channel and each detected sequence, and applied vertical offset correction for each artifact
spike so that it started from 0 (example Figure S5D). For each segment and channel, we fitted artifact templates to corresponding
segments in A matrices and subtracted them from it (Figure 4A (2)). Using previously obtained synchronization timestamps, we re-
constructed data into a matrix of original dimensions S, 1 « ¢ x ns- In order to clean Type Il artifacts, we filtered each time series
within the S; matrix with a low pass Chebyshev Type | infinite impulse (IIR) filter of order eight and with a cut-off frequency of
125 Hz. We then downsampled data by a factor of 8 from 2 kHz to 250 Hz.

Further artifact rejection can be done using methods reported in Islam et al. (2016). In brief, we used a single channel artifact rejec-
tion algorithm in the time-frequency domain. First, the input 250 Hz sampled data were standard score normalized, and then Station-
ary Wavelet Transform (SWT) was performed (level = 10; Haar base wavelet). Artifact detection was done for approximation and detail
coefficients separately. We examined Dg, Dg, D49, and A4q coefficients for the input scalp EEG frequency band. Empirically deter-
mined thresholds detected outstanding discrepancy from scalp EEG’s approximatively Gaussian distribution for each set of
coefficients:

median(|A/D;
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where N is the number of points in the input sequence and ka = 0.75, kp = 5. Coefficients identified as potentially containing artifacts
were thresholded using the Garrote threshold function, after which inverse SWT was applied to reconstruct the cleaned signal. This
method was applied to each Ns-point time-series within input S, + « ¢ x ns, resulting in output Sz 1 « ¢ x ns (Figure 4A (3)). For more
details, see GitHub and Islam et al. (2016).

Finally, due to high pass filters with low cut-off frequency integrated into scalp EEG equipment, the presence of artifacts caused a
voltage drift in raw data (visible slow transients on Figure 4A (1), (2), and (3)). To account for this, we applied IIR high pass filter (order =
8; passband ripple = 0.2; cut-off frequency = 2 Hz) on S5 1 « ¢ x ns resulting in clean scalp EEG matrix S, 1 x ¢ x ns (Figure 4A (4)
and Figure 4B-bottom). To quantify the reduction of artifacts, we calculated the root mean square value (RMS) for S¢ 1 x ¢ x ns,
S4T x ¢ x Ns» @nd portions of S¢ 1 « ¢ x ns With clean scalp EEG. All RMS values were scaled with a maximum RMS value in
S1.1 x ¢ x ns for a given channel (Figures 4C and S5E). Additional cleaning results can be seen in Figure S5F. Bad channels and chan-
nels not containing artifacts were omitted from processing. A total of 17 such channels in the presented case were detected visually
and by having S¢ x (r-ns) - Cne / Dna correlation of less than 0.1 on portions of scalp EEG already identified as artifactual. Correlation
of less than 0.1 on portions of scalp EEG already identified as artifactual.

QUANTIFICATION AND STATISTICAL ANALYSIS
All analyses were performed using custom scripts in MATLAB. Details of analyses are reported in respective Method Details sections.

iEEG power spectrum extraction

All time-frequency power scaleograms (Figure 5) were obtained using CWT (Continuous Wavelet Transform - MATLAB cwt com-
mand). The base wavelet chosen was the complex Morlet with a symmetry parameter (gamma) equal to 3 and a time-bandwidth
product equal to 60. The wavelet coefficients were calculated at seventy logarithmic frequency points from 1 Hz to 125 Hz after which
the squared absolute value of the coefficients resulted in a power scaleogram.

All frequency power spectrums (Figures S6 and S7) were obtained using FFT (Fast-Fourier Transform - MATLAB fft command). The
FFT length chosen was the largest power of 2, less than the length of the observed iEEG trace. The coefficients were then normalized
with the trace length. Finally, the squared absolute value of the spectral coefficients multiplied by 2 (one-sided FFT) resulted in the
power spectrum.

Removing epileptiform activity

Data containing epileptiform activity was detected using a simplified version of methods from previous reports (Aghajan et al., 2017;
Gelinas et al., 2016), using an envelope of 5 standard deviations above baseline raw iEEG activity. This procedure was applied
after the Mark artifacts (used for synchronization) had been removed from the data and alignment of data streams had been
completed. This resulted in an average of 1.27% of the data being removed across participants, similar to previous reports (Aghajan
et al., 2017). While this method uses a simple thresholding approach, more sophisticated algorithms are available and can be used
to improve detection accuracy in future studies (Gelinas et al., 2016; Staresina et al., 2015).

Removal of telemetry dropouts
Telemetry dropouts were manually detected and labeled during the experiments. The presence of dropouts was verified in post-anal-

ysis using the same method as for removing epileptiform activity once the synchronization had been completed.

Mo-DBRS command artifact detection
See the Mo-DBRS Synchronization section (Method Details).

Artifact rejection
See the Scalp EEG Artifact Reduction, Offline Processing section (Method Details).
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Figure S1. Programmable electromagnet device for Mo-DBRS Lite (Related to Figure 1)

(A) Schematic of the electrical circuit necessary for driving an electromagnet, which enables a Magnet pulse to be sent
towards the underlying implanted RNS Neurostimulator. The electromagnet device includes power delivery from a 12 V
battery, various capacitors for voltage stabilization, current limiting resistors, and LEDs that emit light when the Magnet pulse
is being sent that can then be used for synchronization with external cameras. The electromagnet device can be manually
controlled via button presses captured by a PIC controller that can deliver pulses every 30, 60, 90, 180, or 240 s (configurable
by manually setting a 4-pin DIP switch).

(B) The actual device worn by the participant, which contains complete circuitry from (A). (C) For wireless remote control of
the electromagnet device, additional circuitry (marked in yellow a) can be added around a Raspberry Pi (RP) with pins 17 and
18 from a PIC controller being interfaced with GPIOs. The modified RP can be used to remotely trigger the electromagnet
device repeatedly with programmable times and durations from within the RP or the Experimental Task Program.

(D) A participant wearing the Mo-DBRS Lite platform showing the backpack that holds the electromagnet device connected to
head-mounted LEDs used for synchronization.
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Figure S2. Ex-vivo characterization of variability in Mo-DBRS Research Tool command latencies (Related to Figure 2)

All latencies are presented as mean + SD.

(A) Variability in the Mark, Store, and Magnet command delivery (relative latency) was tested by sending a Reference Pulse
from the Raspberry Pi (RP) to a test RNS Neurostimulator electrode contact. The tested command (bottom path) was sent
simultaneously with the Reference Pulse (top path) and the difference in their delivery times was observed in the Real-Time
iIEEG. The Reference Pulse (red waveform to the left) is reflected in the Real-Time iEEG recording with two edge spikes (red
waveform to the right) due to the built-in high pass filters.

(B) Shown is the simultaneously captured Real-Time iEEG and Magnet-triggered iEEG (absolute values) with a sequence of
commands sent: 5 x (Mark, Reference Pulse), Store, Reference Pulse, Magnet (pre-configured in the Programmer to capture
iEEG with a duration of 60 s). Dotted lines represent timestamps when the corresponding events were initiated on the RP.
(C) Zoomed-in view showing a Mark and Reference Pulse signal in the Real-Time and Magnet-triggered iEEG where the
uncertainty of delivery was determined to be 0.21 and 6.09 ms respectively.

(D) Captured relative latency between the Store command initiation and actual stored Real-Time iEEG was measured to be
282.27 ms.

(E) Relative latency of Magnet command delivery was determined to be 11.24 ms whereas relative latency of the Magnet-trig-
gered iEEG data storage was determined to be 423 ms. Note that 40 s here (red cross mark) is the point at which 2/3 (1/3) of
the Magnet-triggered iEEG data that was stored, occurred before (after).
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Figure S3. Block diagram of an example Experimental Task Program and manual remote viewing/control of Mo-DBRS
(Related to Figure 3)

(A) Here we present the general block diagram for a suggested Experimental Task Program that can be adapted for any of
the commonly used software environments (e.g., Unity, Python, Matlab). Black arrows show control/configuration flow, blue
arrows show data flow, and red arrows point to synchronization between different components. Main Thread contains the
software running the behavioral task, any online processing of behavior that may be used to update the VR/AR/Audio/Video
stimuli (Experimental control). The Mo-DBRS API block contains the set of available Mo-DBRS library functions accessible to
the Main Thread. Once notified by the Main Thread, Control and Sync Thread sends the commands to the targeted device
(e.g., RNS Neurostimulator via Research Tools and other wearable sensors), as well as broadcasts simultaneous synchroni-
zation (Mark signals) to all connected wearable sensors. All of the activity going through the Control and Sync Thread is being
logged into the Logs local storage. As mentioned previously, the Experimental Task Program, motion capture system (e.g.,
Optitrack), and eye-tracking (e.g., Pupil Labs) communicate through the local network, while biometric measurements (e.g.,
Biopac) use a USB connection and external USB Module for synchronization. The Raspberry Pi (RP) contains an RNS Thread
running the server, which accepts incoming commands from the Experimental Task Program. To bypass pipeline delays, an
External Sync Thread turns on an external LED for 50 ms through GPIO whenever the Mark (Magnet) command is received
on the RP. An emitted LED is captured by wall-mounted (e.g., OptiTrack) or wearable, and/or eye-tracking (e.g., Pupil Lab)
cameras, thus providing additional synchronization. This block diagram represents a simplified, high level description of the
actual code.

(B) Manual remote command interface developed for the iPhone iOS.

(C) iPad application provides more space for viewing the Programmer VNC connection. Apps were written in the Swift 5
programming language using the Xcode 10 Environment.

(D) The Laptop Programmer can be configured for remote access/viewing, but the Tablet Programmer cannot. To indirectly
and remotely view Real-Time iEEG, the Tablet Programmer can be enclosed in a custom-shaped enclosure. A phone or other
cameras can be used to record the Tablet Programmer’s screen and stream the video to the Experimental Computer in
Real-Time.
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Figure S4. Simultaneous scalp EEG and iEEG. Synchronization and artifact reduction using the Telemetry Switch
(Related to Figure 4)

Mark, Magnet, and Stim signals recorded in scalp EEG that can be used for synchronization with iEEG.

(A) Example scalp EEG data with captured Mark signal that can be aligned with Real-Time iEEG data.

(B) Example scalp EEG data with captured Magnet signal that can be aligned with Real-Time iEEG (Magnet artifact) and
Magnet-triggered iEEG (logged timestamp) data.

(C) Example scalp EEG data with captured Stim signal that can be aligned with Real-Time iEEG and Magnet-triggered iEEG
data.

(D) Proposed procedure for delivering a series of iES bursts with minimally contaminated scalp EEG activity. Timings f, t1, t,,
t; denote the telemetry enable time, command delivery time, clean scalp EEG recording time, and storing of Magnet-triggered
iEEG time after enabling communication, respectively. Note that scalp EEG recording is clean during t, until communication
is established again.

(E) Magnet-triggered iEEG and scalp EEG recordings were acquired following the (D) procedure involving 6 iES bursts of 100
ms duration. Cycles of clean scalp EEG and recordings containing telemetry artifacts are visible. iEEG and scalp EEG record-
ings were synchronized by aligning iES artifacts in both recordings.

(F) One cycle of synchronized parallel recording of Magnet-triggered iEEG and scalp EEG from (E). Three different periods
of telemetry artifacts (Restarting of communication, iES, and Real-Time iEEG) are denoted.

(G) Schematic of the Telemetry Switch circuit used for turning on/off telemetry. In the center, there are four optical switches
attached to the USB power and data lines. An optical switch on the far right is used to read the current status of the USB power
lines. A J3 connector is connected to the Raspberry Pi (RP) GPIO output and serves as a digital control of the switch state.
The J4 connector is connected to the RP GPIO input and provides the status of the communication. J1/J2 are standard USB
female/male connectors.

(H) The actual Telemetry Switch device that was manufactured.
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Figure S5. Offline artifact rejection solution for simultaneous iEEG and scalp EEG (Related to Figure 4)

(A) Zoomed-in view of scalp EEG artifacts related to the restarting of telemetry, represented as a repetitive sequence of the
shown waveform.

(B) Zoomed-in view of scalp EEG artifacts characteristic of iES delivery, represented as a repetitive sequence of the shown
waveform.

(C) Zoomed-in view of scalp EEG artifacts characteristic of Real-Time iEEG transmission, represented as a 125 Hz sequence
of spikes.

(D) PCA analysis of the scalp EEG data across all channels captures most of the shared artifacts in the first PC1 component
(solid black line). Information on timings and shapes of each part of the artifact is used to extract the exact position of the data
segment affected by telemetry. An artifact mask (solid red line) is used to separate artifact spikes from PCA components and
discard the rest of the picked-up correlation between scalp EEG channels.

(E) Normalized amplitudes of extracted PC1 component across channels describes the distance between the Wand and scalp
EEG channels (solid black line). The RMS value of cleaned scalp EEG across channels (solid red line) shows that the results
of the algorithm slightly deteriorate in the immediate vicinity to the Wand, where telemetry is best picked up by those channels
(e.g., 32 —47).

(F) Additional scalp EEG channels (1 — 16) before (red) and after (black) offline cleaning procedure.

Voltage values shown are normalized with respect to the maximum value of the raw scalp EEG activity.
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Figure S6. Raw iEEG traces (Related to Figure 5)

Shown are example raw iEEG traces (20 seconds), the smoothed FFT magnitude spectrum, and the percentage of data that was removed
due to dropped telemetry or epileptic activity from (A) Participant 2, (B) Participant 3, (C) Participant 4, and (D) Participant 5. Example raw
iEEG data during (E) dropped telemetry and (F) detected epileptiform activity. Example iEEG data from Participants 1 and 7 are shown in
Figure S7 and from Participant 6 in Figure 5.
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Figure S7. Simultanous raw iEEG, scalp EEG, and biometric measurements from example participants (Related to
Figure 5)

(A) Example data (30 s) from Magnet-synchronized iEEG (top) and scalp EEG (bottom) recordings from Participant 1. All 4
bipolar iEEG channels are shown, together with 5 example scalp EEG channels.

(B) Smoothed FFT magnitude spectrum for corresponding iEEG (top) and scalp EEG (bottom) channels.

(C) Example data (16 s) of Mark-TTL-synchronized iEEG (top) and biometric (bottom) data from Participant 7. Biometric data
includes 1 example channel of ECG (Electrocardiogram [heart rate]), EDA (Electrodermal activity [skin conductance]), and
RSP (Respiration).



Participant Age Gender Handedness Bipolar recording Electrode Spacing Contact 1 Contact 2
1 RHIP1 — RHIP2 3.5 mm - Subiculum
P 21 M R 2 RHIP3 — RHIP4 - CA1
! 3 ROFC1 - ROFC2 Orbitofrontal Cortex = Orbitofrontal Cortex
4 ROFC3 — ROFC4 10 mm Orbitofrontal Cortex = Orbitofrontal Cortex
1 LHIP1 - LHIP2 10 mm CA1 CA1
P 39 F L 2 LHIP3 — LHIP4 CA1 CA1
2 3 REC1 - REC2 Entorhinal Cortex Perirhinal Cortex
4 REC3 - REC4 3.5mm Perirhinal Cortex Fusiform Gyrus
1 LAH1 — LAH2 3.5 mm CA23DG CA23DG
P 20 M R 2 LAH3 — LAH4 CA23DG CA23DG
8 B8] RAH1 — RAH2 Subiculum Subiculum
4 RAH3 — RAH4 3.5 mm CA23DG CA1
1 LEC1 - LEC2 10 mm Hippocampus Perirhinal Cortex
P 48 F R 2 LEC3 - LEC4 Inferior Temporal Inferior Temporal
¢ 3 RAH1 — RAH2 Subiculum Subiculum/CA1
4 RAH3 — RAH4 3.5 mm CA1 Perirhinal Cortex
1 LEC1 - LEC2 10 mm Entorhinal Cortex Perirhinal Cortex
65 M R 2 LEC3 — LEC4 Inferior Temporal Inferior Temporal
Ps 8] LHIP1 — LHIP2 CA1 CA1
4 LHIP3 — LHIP4 3.5 mm CA1 CA1
1 LHIP1 - LHIP2 10 mm Hippocampus Hippocampus
Pe 31 M R 2 LHIP3-LHIP4 Hippocampus Subiculum
3 RHIP1-RHIP2 Subiculum Parahippocampus
4 RHIP3— RHIP2 10 mm -- -
1 LHIP1 - LHIP2 10 mm Amygdala Amygdala
P, 36 M R 2 LHIP3 — LHIP4 Hippocampus Hippocampus
3 RHIP1-RHIP2 Temporal Pole Amygdala
4 RHIP3—- RHIP4 3.5 mm Amygdala Hippocampus

Table S1. Participant Demographics and Electrode Localization (Related to Figure 1 - 6)

Demographics of the study participants including age, gender and handedness. Electrode contact locations from the partici-
pants in the study. Bipolar recordings were performed between Contact 1 and 2. Locations were targeted for electrode place-
ment based on clinical criteria and include R(L)EC, corresponding to the right (left) entorhinal cortex, R(L)HIP corresponding
to the right (left) hippocampus, ROFC corresponding to the right orbitofrontal cortex, R(L)AH corresponding to the right (left)
anterior hippocampus.



Patient P1 P2 P3 P4 P5 P6* P7
Neuropsych
WAIS VIQ Verbal 83 70 78 112 108 high average 110
Estimate FSIQ or VCI
Digit Span (Percentile) NA 37 16 63 14 >= average 63
WMS (Percentile) <1 <1 2 5 73 >= average >75
CVLT (Percentile) 32 <1 32 NA 84 >= average 50
Visual Memory (Percentile) 10 2 9 16 NA >= average 25
Executive Function 95 25 13 56 84 >= average 37
(Percentile)
Medical and Psychiatric . focal epilepsy -focal epilepsy -focal epilepsy -focal epilepsy -focal epilepsy -focal epilepsy - focal epilepsy
Diagnoses (brief) «viral encephalitis ~ -vagus nerve - hypothyroidism - congenital blindness - mood disorder
-vagus nerve stimulator - hearing issues, - arthritis - anxiety disorder
stimulator -impaired memory . vision loss - depression - impaired memory
- impaired memory - anxiety and -impaired memory
- depression - depression

Table S2. Clinical characteristics of the study participants (Related to Figure 1 - 6)

Each participant performed neuropsychological tests for the purposes of clinical evaluation for epilepsy. The Wechsler Adult
Intelligence Scale was used to calculate verbal and digit span. Verbal memory was assessed by the logical memory portion
of the Wechsler Memory Scale (WMS) and the long-delay free-recall part of the California Verbal Learning Test (CVLT).
Visual memory and executive function were tested using the Rey-Osterrieth Complex Figure Test and the Trail Making Test,
respectively. All measures are reported as percentiles with the exception of Verbal IQ, reported as standardized scores. Medi-
cal and Psychiatric History (brief summary) is also included.* The exact percentiles were not available for Participant 6.
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