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Abstract

Recent advances in understanding the gut-brain axis, functional gastrointestinal disorders, and
gastric stimulation therapies have highlighted the importance of the electrical signals that
regulate the gastrointestinal (GI) tract. Current systems for measuring neural signals from the GI
tract involve acute, invasive procedures that change the underlying electrical behaviors or
cutaneous recordings which measure highly attenuated signals. This thesis describes the
development of a non-invasive device for long term gastric recordings in freely moving patients
known as Multimodal Electrophysiology via Ingestible Gastric Untethered Tracking (MiGUT).
The custom device and electrodes are designed to conform to the stomach wall, wirelessly
transmit high quality signals, all while fitting in an ingestible form capable of being easily
delivered into the GI tract. MiGUT is shown to record the gastric slow wave in-vivo in pigs,
along with signals that align with the heart and respiratory rate, and measure the expected
response to prokinetic therapeutics. Multi-day measurements were obtained using MiGUT in a
freely moving pig, recording changes in the slow wave during different behaviors with no
artifacts observed during ingestion or movement. This type of data could enable a new level of
understanding of one’s GI tract, for health tracking and personalized diagnostics.
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Chapter 1 Introduction

Functional gastrointestinal (GI) disorders affect more than 40% of people worldwide [1],
which frequently causes debilitating nausea, abdominal pain, and weight loss, with severe
disease resulting in poor nutrition and unintentional weight loss [2]. These disorders, which by
definition are abnormalities in the absence of any structural or biochemical findings, present as a
complex combination of symptoms unique to each patient and can arise idiopathically or as a
complication of other disorders [3]—-[5]. This results in a lengthy diagnostic process trialing
different therapeutics until the patients’ symptoms are best resolved [5], [6]. More personalized
diagnostic tools are required to determine the underlying cause and lead to faster, objective

driven diagnosis.

Just like how doctors commonly use EKGs and EEGs to diagnose patients with electrical
dysfunctions in the heart and brain, there are millions of neurons and associated electrically
active cells in the GI tract which control motility, nutrient handling, immune responses and more
[7]. However, these signals are poorly understood as clinicians and scientists do not have the
tools to effectively monitor these slowly oscillating signals deep within the GI tract for long
periods of time. While pioneering work has led to important discoveries from acute, highly
invasive measurements, there is still much to be learned from long term recordings as the gut
changes on a number of timescales; operating over hours to regulate motility, days depending
what meals are ingested, and over the course of months depending on diet and the microbiome
[8]. Thus, the ideal clinical system would provide high quality recordings for long periods of

time while being easy to deploy as a diagnostic test.

1.1 Thesis Outline

This thesis is organized as follows:

= Chapter 1 provides background and context for the proceeding chapters. First, a brief
review on neural activity in the gut is presented to understand how this all started,
what to expect when measuring electrical signals in the gut, and what changes in
disease states. Then the different types of medical devices available to record these

signals are shown in context of their targeted use case and their drawbacks.



= Chapter 2 presents the development of an ingestible device for wireless, high quality
biopotential recordings known as MiGUT, for Multimodal Electrophysiology via
Ingestible Gastric Untethered Tracking. The design consideration of an ingestible
device is first introduced. Custom conformal electrodes manufactured in the
cleanroom are then described, tested in-vivo, and reviewed to inform the final
electrode choice. These interface with a newly designed electronics system to
wirelessly transmit measurements for long periods of time.

= In Chapter 3, validation of MiGUT is confirmed in anesthetized animals. The device
is shown to be safely delivered endoscopically and record signals from the stomach
and multiple nearby organs. Data processing and other control experiments are also
outlined.

= Chapter 4 demonstrates the new wireless recording capabilities of MiGUT in
untethered, freely moving animals which can be quickly and noninvasively
administered. An initial analysis of the recorded data is presented.

= Chapter 5 will conclude the thesis by discussing the results in comparison to previous

studies. Future directions and insights into additional studies are postulated.

The following sections that complete this chapter will reveal how electrical signals

control your gut, and the challenges present in trying to measure these signals deep within you.

1.2 Neural Activity in the Gut

The Enteric Nervous System (ENS) is comprised of 400 to 600 million neurons spread
throughout the GI tract and works with the Central Nervous System (CNS) to control the
behavior of various gastric regions [7]. While the measurements from the ENS were first seen
over a century ago, advances in acquisition systems and methodologies have only recently
enabled a better understanding of normal and pathological behaviors, with additional interest

growing in understanding the gut-brain axis.

1.2.1 History

The first set of experiments presenting the gastric slow wave were performed in 1921 by
Walter Alvarez by placing electrodes on the abdominal wall of a woman so thin Alvarez could

see her gastric contractions around three cycles per minute [9], [10]. Additionally, around this
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time . Harrison Tumpeer and R. C. Davis independently also reported of the electrogastrogram
(EGQ) signals, from different patient populations and using different recording techniques [11]-
[13]. Throughout the late 1900s, more validation studies were conducted solidifying the
existence of these signals at a large scale [14], with multiple studies building to the conclusion
that these signals were unique pacemakers of the gastrointestinal tract which controlled the
frequency of peristaltic contractions in the stomach [15]-[18]. Since then, advances in electrode
technology, signal processing, and study design led by Lammers, O’Grady, Kelly, Du, and more

have led to a more complete understanding of the electrical activity in the gut.

1.2.2 Physiological and Pathological Behaviors

The major components of the GI tract consist of the esophagus, stomach, small and large
intestines, and anus, each of which have their own characteristic electrical behaviors. We will
focus on the stomach as it has been the most well studied and clinically relevant, but the key
components are recently starting to be analyzed in the intestines [19] and esophagus [20]. The
stomach is responsible for accommodating (growing in size) to accept food, churning the food
for easier digestion by means of peristaltic waves (Fed Motor Pattern), and emptying in a series

of complex contractions driven by the Migrating Motor Complex (MMC) [21].

Normal behavior in the human stomach revolves around the proper generation of the
slow wave, originating from pacemaker Interstitial Cells of Cajal (ICC) [21]. Waves in the
pacemaker region of humans have been recorded at a frequency of approximately 3 cycles per
minute (cpm) traveling with a velocity of 8mm/s with an amplitude of 0.57mV [22]. These
waves propagate circumferentially down the corpus at a velocity of ~3mm/s, faster in the greater
curvature to stay in phase with the lesser curvature, and decrease in amplitude to 0.25mV.
Waves traveling up towards the fundus quickly slow and attenuate [22]. These waves are ever
present but below the threshold voltage required to elicit peristaltic waves, which only occur
when spiking activity is superimposed on the slow wave to surpass the required threshold voltage
[21]. Waves in the antrum are more complex, and rapidly accelerate to 5.7mm/s with an
increased amplitude of 0.52mV. These results from a fasted patient under anesthesia are
supplemented by implanted electrodes showing similar results [23]-[25]. In orchestration with
feedback networks from other neural pathways [7], these slow waves and generated spike

potentials control the peristaltic waves that break up food and empty the stomach.
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Pathological behaviors in the stomach have historically been investigated through the
lens of slow wave frequency in mirroring analysis from the heart. Tachygastria is defined as
abnormally high frequency of the slow wave (3.7-10cpm), while an abnormally low frequency
corresponds with Bradygastria (0-2.5cpm) [10]. These abnormal slow wave frequencies have
been shown to strongly correlate with loss of ICC pacemaker cells [26]. However non-invasive
wearable tools for measuring the slow wave frequency have yet to be widely adopted due to
limited diagnostic understanding [27]. To go beyond frequency analysis, O’Grady et al. used
their high resolution mapping technique to spatially map the stomach of patients with
gastroparesis, finding various abnormal initiation and abnormal conduction events [28]. While
more research is still required, this supports a more intimate understanding of the stomachs state
could better diagnose different gastric neuropathies; similar to how single channel EKGs are
acceptable for fitness trackers to identify when something is wrong, and diagnostics typically

requires multiple channel EKGs.

1.2.3 The Gut-Brain Axis

In addition to acute measurements of the pacemaker region and slow waves, fundamental
research around the gut-brain axis would benefit greatly from long term measurements. This
connection with the brain has been reported in patients with Parkinson’s disease who present
with GI motility issues before cognitive symptoms arise [29]-[31], and many with autism
spectrum disorder present with gastrointestinal issues [32], [33]. Biopotential measurements
tracking organ level changes may eventually be used to infer changes in the microbiome and

other but-brain interactions.

1.3 Medical Devices for Gastric Recording

A number of new systems and devices have been created to enable the study of
biopotentials in the GI tract. These can be subdivided into tethered, implantable, and wearable

devices.

1.3.1 Tethered Systems

Tethered systems involve directly connecting the recording electrodes to an external

acquisition system using long cables. By decoupling the electrodes and recording device, thus
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removing the size and power requirements, this has enabled a number of high channel count,
high resolution studies to be conducted. Two standout systems are those used by Lammers and
O’Grady. Lammers et al. were the first to do high resolution mapping and recorded 240
channels using an 8-bit 1kSPS recording system designed for recording myocardial signals,
connected to custom fabricated silver wire electrodes (0.3mm diameter in a 15x16 grid with
Imm spacing) in rabbits [34]. Inspired by this, O’Grady et al. recorded 192 channels in humans
using an ActiveTwo System (Biosemi, Amsterdam, The Netherlands) sampling at 512SPS, with
multiple gold electrodes in a 4x8 array spaced 7.6mm apart [22]. The gold electrodes were
compared to Lammers silver wire electrodes and found to give comparable results [35]. Through
these systems, the origin and propagation of the gastric slow wave has been thoroughly described
in the healthy and pathologic human stomach [22], [28], and throughout large animal models
[19], [34], [36], [37].

However, these systems come at the cost of invasiveness and provide only acute
recordings during an operation. In [22] and [28] patients volunteered for this study as they
underwent elective surgery, but it is unlikely an operation could be as a standard diagnostic test.
Additionally, while in the aforementioned studies great care was taken to ensure minimal
movement of the organs, it has been shown that movement can cause abnormal behaviors likely
due to activating stretch receptors [36]. The operating room setting may have also resulted in
abnormal recordings due to the surgery preparations. Specifically, as patients fast prior to
surgery, behaviors such as the migrating motor complex and peristaltic waves may be altered.
Lastly, there are conflicting viewpoints on the effect of anesthesia, with the majority agreeing it
slightly to significantly diminishes the slow wave [38]. Overall, more data is still required to

comprehensively address the impact of these limitations.

To overcome these challenges, Angeli et al. developed a high resolution mapping device
that can record from the mucosa using endoscopic intubation [37]. This used the Constellation™
mapping catheter (Boston Scientific, Marlborough, MA, USA) to record from eight rings of eight
electrodes spaced 7mm apart, and the same acquisition system as previously used by O’Grady
[22], [37]. This study highlighted that recordings from the mucosa are comparable to those
recorded from the serosa. Other groups have since shown mucosal recordings from ambulating

patients, but these are limited in the number of electrodes and required nasally clipped leads
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passed up the esophagus [23], [39]. While in the right direction, these tethered systems do not

allow the patient to go about their daily lives for long periods of time.

1.3.2 Implantable Devices

To gather data before and after eating, implantable devices have been developed to record
biopotentials over longer periods of time. In humans, the majority of data comes from Gastric
Electrical Stimulator (GES) devices with recording channels [24], [25], [40]. For power
efficiency, these devices typically sample at much slower rates with fewer channels; in [24]
samples were recorded at 60SPS using a 12bit analog to digital converter from four channels.
These studies have enabled recordings to be taken over multiple days while patients go about
their daily lives but require invasive surgical placement. Other devices by [41]-[44] have also
been developed for research, but these devices are quite large and have other tradeoffs (further

discussed in Section 2.3.6).

1.3.3 Wearable Devices

Since the discovery by Alvarez using surface electrodes, the quality of
electrogastrography (EGG) recordings have significantly improved but have yet to find their
place in the standard diagnostic procedure [27]. The key challenge of these wearable systems is
recording the heavily attenuated signal (by the abdomen) and minimizing artifacts from
respiration and motion [45]. A number of signal processing techniques have been developed to
recover the low amplitude slow waves while also removing motion artifacts [46], [47], but the
best recordings still come from immobilized patients. To assist in these efforts, new multi-
channel EGG systems have been shown to reveal the slow wave direction and speed in addition
to frequency when coupled with advanced signal processing [48], [49]. However the quality of

the recorded data still prevents widespread adoption.
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Chapter 2 Development of an Ingestible Device for High
Quality Neural Recordings

Here we present the development of an ingestible device for Multimodal
electrophysiology via Ingestible, Gastric, Untethered Tracking (MiGUT). First the design
considerations are presented, followed by the development of conformal electrodes for neural

recording in the stomach, then the design and validation of low power, wireless electronics.

2.1 Design Considerations

2.1.1 Opportunities for Ingestible Devices

Ingestible devices offer a noninvasive way to access signals deep within the body from
the gastrointestinal tract. Endoscopic techniques are an important tool for visually evaluating the
GI tract [50], with new endoscopic tools enabling more advanced tests and procedures such as
photoacoustic and ultrasound imaging [51], laser therapy [52], and more. Ingestible devices
could be designed to achieve the same level of biomarker tracking and/or therapy while also
being less invasive than endoscopy (typically requiring sedation [53]). This has been proven in
devices such as the FDA Cleared Medtronic PillCam which provides good visualization of the
colon without the drawbacks associated with endoscopy [54]. Since this first adoption and
acceptance of ingestible devices clinically, other ingestible devices have been designed with
different sensing modalities such as pH, temperature, pressure, bacterial and gas sensing,
ultrasonic imaging, and modulation devices [55]-[60]. In addition to studying the
gastrointestinal tract, ingestible devices boarder or transit within close proximity of other key
organs, which could provide an effective avenue for high fidelity measurements or targeted
therapies. This could enable a no instructions needed diagnostic tools to be easily deployed in or

shipped to each person’s home someday.

2.1.2 Key Challenges

There are a few fundamental challenges and constraints to consider when designing

ingestible, especially relating to size, communication, power, and interface.
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The biggest challenge with ingestible devices is size. The goal is to pack as much
function and power into the device while allowing it to still be safely ingested and pass through
the GI tract. Currently the largest standard pill size used is the 000 (“triple zero”) capsule with a
diameter of 9.91mm and a length of 26mm. However, these gelatin capsules usually dissolve to
release their therapeutic. Passage studies of various capsule sizes show in order to ensure a there
is minimal risk of blockage, which constitutes a life threatening complication, a device should
have its longest dimension be no more than 15.5mm [61]. This is a challenge with ingestible
devices, which typically carry onboard batteries for power, large antennas, and electronic
circuitry; the PillCam which measures @11x26mm is retained at a rate of 1.4% [57], [62]. While
no studies have been done on device roughness, it is generally desirable for devices to be smooth
and not cut inner tissues. However, case studies have revealed ingestion of razor blades can pass
safely without intervention [63], indicating deviations from standard circular pill shapes to those

more accommodating for packing dense electronics may be acceptable.

Closely related to size is power, specifically power density. While implantable devices
such as neurostimulators or pace makers use lithium-based batteries, these are very large and not
amenable to an ingestible form factor [64]. Most ingestibles on the market use Silver-Oxide
(Ag02) batteries for their safety and typically contain higher power density than lithium-ion
batteries [65]. However, AgO2 batteries are not typically suited to drive the high current
consumption required for wireless communication. Lithium-ion batteries are convenient for their
ability to be recharged and provide high levels of sustained current but are typically considered
too volatile if there is a concern of gastric fluid leakage into the device. Battery packaging also
needs to be considered for overall size optimization. While this is an active area of research,
future devices will likely rely on wireless power solutions or wireless charging to ensure long

term use.

Wireless communication methods for implantable and ingestible devices include piezo
electric (ultrasound), radio frequency, optical, and magnetic modalities [65]. However the
environment of the GI tract is much deeper, with more diverse tissue layers between the device
and the receiver. This creates issues relating to penetration depth of different radio wave
frequencies [66], while other communication methods typically require bulky external receivers.

Current ingestible devices compromise by using sub 1-GHz radio frequencies, specifically in the
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ISM band (433MHz or 915MHz) [57], although recent devices have been shown to successfully

implement Bluetooth (2.4GHz) communication with careful antenna tuning [67].

Finally a stable interface is required to make the device meaningful. Rigid electronics
and electrodes limit their size as the gastrointestinal tract consists of many folds and is in motion
[7]. Current tethered devices use flexible electrodes, but these have only been extensively tested
on the serosa [38]. Electrodes for interfacing with the mucosa have typically been individual
wire electrodes secured to the mucosa with clips or pressed against the mucosa using a balloon
[23], [37], [39]. Additionally, the electrodes should be of inert material which does not react
with the gastric environment that has a wide pH range (pH of 2.1 in the fasted state or 3-7 while
fed in the stomach, which can be different in the upper and lower stomach, and increasing pH in

the intestines [65]) and contains many other harsh digestive compounds.

2.1.3 Design Decisions

Considering the above challenges and current implementations for mitigating them, the

following initial design decisions were formed:

= PillCam or smaller device dimensions to ensure a future path for clinical translation
should be met. Specifically, a maximum diameter of 1 1mm and length of 26mm or
smaller [57], allowing for flexibility in using off the shelf components. Further
miniaturization, specifically such that the maximum dimension is under 15.5mm, will be
outlined in Section 5.2.

= Li-ion battery power will be used for flexibility in device design and ease of use for
later data gathering stages (allowing for recharging and reuse of the device while
providing a path for wireless charging to increase recording length). Powering with
Silver Oxide batteries must be demonstrated to ensure safety of future devices but does
not have to be implemented in this version.

* 915MHz communication will be used as it has been proven as a robust communication
method in commercially used ingestibles [56], [57].

= Custom flexible electrodes will be designed discussed in Section 2.2.
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2.2 Conformal Electrodes for Neural Recordings

To acquire neural signals from the gastrointestinal tract, a number of strategies have been
taken. While wireless measurements using Magnetic Resonance Imaging (MRI) [68], [69] and
optogenetics [70] have been previously reported, the best results come from metal electrodes
measuring the electrical signals directly. MRI is limited to measuring contractions and has
resolution limits impeding study of complex behaviors [71], while optogenetics are not
translatable to humans. In contrast, metal electrodes can be used for long term recordings and
have been used in many pacemakers and neurostimulators with minimal complications. The
current challenges with metal electrodes revolve around maintaining a stable interface to ensure

high quality recordings in the environment of the GI tract.

2.2.1 Micron Thick Conformal Electrodes

In comparing current electrode designs, a multi electrode array arrangement is seen to be
the most valuable arrangement — enabling the analysis of slow wave direction and velocity.
However the current solutions, even ones made from flexible substrates, still remain relatively
stiff as the size grows to accommodate a larger grid of electrodes. In experiments, wet gauze to
be placed over the electrodes is commonly used to ensure good contact (in addition to ensuring
the interface does not dry) [22]. We hypothesized by removing the thickness in the z-dimension,

large electrode arrays could more effectively conform to the surface of the mucosa.

Multiple sixteen-channel electrodes were designed as shown in Figure 2.2.1, with varying
degrees of electrode size (Sum to 200um diameter) and electrode spacing (pitch spanning 200um
to 4mm). Specifically, to test the impact of electrode size one design incorporated four
electrodes with exposed pads of diameter Sum, 30pum, 80pum and 180um (cut out 10um smaller
than actual electrode size on all sides for mechanical stability) with a pitch of 200um (Figure
2.2.1A). Another small electrode design fabricated was inspired from neural multi electrode
arrays was a 4x4 grid of 30um diameter electrodes with a pitch of 200um (Multichannel Systems
GmbH, BW, Germany). Most other electrodes were designed to sweep the pitch from Imm to
4mm with varying grid arrangements, since the slow wave spans much greater distances. To
interface with different recording systems, contacts were placed with 0.5mm pitch to allow for

mating with Flat Flexible Cable (FFC) connectors. To assist with the flexibility, it was
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hypothesized adding 20um diameter holes with a pitch of 100pm to 200pm would allow for
additional flexibility and were added to some designs (Figure 2.2.1A). Additionally, some
designs included a pivot point and/or ninety-degree rotation from the connector side to decouple

movements from the connector side.

W

i

Figure 2.2.1: Custom cleanroom fabricated flexible electrodes. (A) Multi electrode arrays
designed to conform to the mucosa surface, testing different structures for mechanical relief,
electrode pitch, electrode size, and perforations to increase flexibility. (B) These electrodes were
released from a three inch wafer onto water soluble tape, followed by transfer to Kapton tape or
PLGA polymer and secured to an FFC connector with anisotropic conducting film and epoxy.

The fabricated electrodes were manufactured in the Harvard Center for Nanoscale
Systems [a member of the National Nanotechnology Coordinated Infrastructure Network
(NNCI)] on three inch silicon wafers (Nova Materials, CP02—-11208-0X), in a protocol similar to
[72]. The wafer was first cleaned with O2 plasma (100W, 2min, 50sccm), and a ~500nm layer
of polyamide applied with a spin coater at 500rpm for 5 seconds followed by 3k rpm for 45
seconds. The wafer was then soft baked for 4 minutes at 65C followed by 2 hours at 200C, and
cooled at approximately 5C/min to prevent cracking. This forms the bottom layer insulating
layer to isolate the electrodes. Next, photoresist (LOR3A) was spin coated (500rpm for 5s, then
3k rpm for 45s) followed a soft bake for 3min at 115C and S1805 photoresist added in a similar
fashion. The electrode designs were then exposed onto the wafer using a Heidelberg MLA150.

After the wafer was descummed (O2 plasma at 30W, 30sec, 50sccm), Snm of titanium followed
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by 100nm of gold was deposited using an electron beam evaporator. After deposition, the wafers
were placed in acetone filled containers and placed on shakers for two hours for lift off,
revealing the electrode designs. To add the top insulating layer of polyamide such that the traces
were not exposed to the environment, an additional layer of polyamide approximately 500nm
thick was deposited as before. To etch out the electrode pads, S1822 photoresist was spun onto
the wafers (same settings), followed by soft bake at 115C for 5Smin, and then exposed using the
maskless aligner as before after alignment. Finally, the windows were etched using the RIE8
followed by washing in CD-26 for four minutes to remove any remaining photoresist. This
resulted in approximately 1pum thick electrodes of multiple designs, with quality of windows and

perforations shown in Figure 2.2.1A cutouts.

To release the electrodes from the wafer, water soluble transfer tape (SmartSolve, OH,
USA) was placed on top of the wafer, the wafer was cracked from the other side, and the wafer
was peeled away. This left the electrodes stuck to the water soluble tape, with electrodes facing
inwards (Figure 2.2.1B). The electrodes were then released onto Kapton tape or a layer of Poly
Lactic-co-Glycolic Acid (PLGA) polymer by carefully washing away the water soluble tape,
leaving the electrodes outwardly facing and temporarily supported so as to not curl. Following
this, a 16 channel flat flexible cable was pressed onto the electrode pads with anisotropic
conducting film (3M 7303) to provide a secure electrical connection. Finally the interface was

covered with epoxy to ensure a robust connection, with the end result shown in Figure 2.2.1B.

2.2.2 In-vivo measurements with Commercial Recording System

To determine a baseline of expected electrophysiology measurements from the stomach
and evaluate these custom electrodes, an adapter board was made to connect the electrodes to a
commercially available benchtop recording system. The Open-Ephys (open-ephys.org)
Acquisition Board with Intan (CA, USA) RHD2132 headstage connected to the electrodes via a
FFC was used to record biopotentials at 30k samples per second with a resolution of 16 bits and
a dynamic range of 15mV (Figure 2.2.3A). This system was implemented during an in-vivo
study in a sedated Yorkshire Pig, with all animal experiments approved by and performed in
accordance with the Committee on Animal Care at MIT. After sedation, access to the mucosa of
the stomach was gained through laparotomy and the custom electrodes were removed from their

Kapton support and placed directly on the mucosa (Figure 2.2.2B).
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Figure 2.2.2: Measurement results from commercial acquisition system. (A) Connection
from the FFC (attached to electrodes) to the Intan front end of the Open-Ephys system. (B)
Custom electrodes conformed well to mucosa. (C) Data recorded on all channels for long
periods of time. (D) Spike potentials observed.

The electrodes were seen to conform well, with contact verified by impedance
measurements. With an AgCl electrode placed in at the bottom of the stomach, electrode
impedances in the range of 0.18MOhm to 9.64MOhms were observed (a decrease of ~10MOhm
compared to baseline). Recordings were seen in all channels with sets of spike potentials seen at
a frequency of around three cycles per minute (Figure 2.2.2C), matching well with the expected
frequency of the slow wave. However due to all the adapter boards adding parasitic capacitance

combined with a high pass filter frequency of 1Hz (lowest possible setting), the slow wave
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(around 0.05Hz) was not recorded. Further evaluation of these electrodes is left as future work

with MiGUT.

2.2.3 Flexible PCB Electrodes

To enable more rapid prototyping and a higher throughput of experiments, gold flexible
electrodes were developed for the following experiments using commercial flexible printed
circuit board manufacturing. This has been shown to be successful in a number of previous
experiments, e.g. [22], [28], [73], but with a focus on long term studies we wanted to record from
multiple areas of the stomach instead of just one localized region. As such, long flexible
electrodes of 25c¢m in length that could conform to the greater curvature of the pigs’ stomach
were designed as shown in Figure 2.2.3A. The low cost of these electrodes enabled us to obtain
multiple designs, varying the electrode size and pitch for different applications. Importantly,
stiffener is applied to the connection end with a pitch of 0.5mm allowing for integration into the
same FFC connectors as the previously designed electrodes. Additionally, these electrodes can
be easily rolled up on a 9mm roller and secured with water soluble tape for easy deployment into

the stomach (Figure 2.2.3B).
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Figure 2.2.3: PCB measurement electrodes. (A) Eight channel flexible electrodes with larger
reference pad. (B) Electrodes can be wrapped around a roller and deployed as a spring.

To ensure no cross talk between electrodes, two point impedance measurements were

performed using a Sciospec ISX-3 Impedance Analyzer (Bennewitz, Germany). Figure 2.2.4

22



shows high impedance between two adjacent electrodes and a high impedance between each
electrode and the reference electrode. This suggests there is enough isolation between each

channel to ensure independent measurements.
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Figure 2.2.4: PCB electrode impedance. (A) Impedance between two adjacent channels. (B)
Impedance between a channel and the reference electrode.

While not tested using the benchtop system, motivated by the success of previous work
we successfully implemented these electrodes with MiGUT to achieve high quality results in-

vivo.

23



2.3 Low Power, Wireless Electronics

2.3.1 Initial Prototype

First, an initial prototype was developed to show all the necessary components could be

integrated into a custom printed circuit board in an ingestible formfactor. A six layer PCB was

designed to sample data at 215 samples per second per channel using a 16bit four channel analog

to digital converter (ADC; Texas Instruments ASD1115), send the data to a microcontroller for

data handling (Analog Devices ADuCM355), and wirelessly transmit the data using a 915MHz

transceiver (Semtech SX1231). This system, enabled by the ADuCM335, could also perform

impedance measurements and cyclic voltammetry to test other ingestible sensors. All of this was

integrated into a 25x10mm? PCB shown in Figure 2.3.1, which could be powered by size 13

hearing aid coin cell batteries (Duracell). However the current draw of the device peaked at

112mW during transmission significantly reducing the battery life, even when heavily duty

cycled. While only four channels were bipolar on the dedicated ADC, eight additional ADC

inputs along with the two chemical sensing channels were made available from the

microcontroller with an additional flat flexible connector. Thus, we successfully showed all

necessary components could be further miniaturized from the current state of the art ingestible

devices (compared in section 2.3.6), a key step to enable clinical translation of this system.

A

Printed Circuit Board

2x Coin cell batteries

v v v
4 chan. Micro- 915MHz
ADC controller [Transceiver

5mm

915MHz
antenna

Figure 2.3.1: Initial electronics prototype. (A) Overall schematic. (B) Top and bottom of
designed PCB with comparison to 000 sized capsule.
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2.3.2 MiGUT Overview

After developing the first iteration, the final device was designed to improve the size,
battery life, and ease of assembly. MiGUT is shown in Figure 2.3.2A which consists of an
electronics module with a daughter board providing power, and can connect to a number of
flexible measurement electrodes via a flat flexible connector. The electronics are housed in a
9x12x26mm? 3D printed case (Figure 2.3.2B) which was designed to be comparable to DFA
cleared products such as the capsule endoscopy systems (Medtronic PillCam, @11x26mm? [57])

to facilitate future clinical translation.

Housing ———g
A & Flexible PCB
Battery

. Ne ‘ Gold electrode
Passives N\ . (double-sided)
Microelectronics w Reference

Electrode connector electrode

B1cm C

Printed Circuit Board

l. Flexible 22mAh battery |
electrodes y
| (8 Channel + 8 channel Micro-controller 915MHz
reference) ADC i + transceiver ) antenna ))))

Figure 2.3.2: MiGUT Overview. (A) Overview of key components. (B) Device assembly. (C)
Device schematic. (D) Device electronics. (E) Assembled device.
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With a focus on miniaturizing MiGUT even further compared to the initial prototype, the
Texas Instruments CC1310 microcontroller with integrated transceiver was selected to control
the sensing peripherals and handle wireless communication. We used the 4x4mm? package for
the CC1310 which is smaller than the initial versions microcontroller alone, at the cost of the
TIA, impedance measurements, and digital waveform generators present in the ADuCM355 —
valuable for other experiments but not critical for the design. This enabled the incorporation of
the Texas Instruments ADS131MO08, a more versatile eight channel 24bit simultaneous ADC.
This ADC was selected for its ability to record bipolar potentials simultaneously at configurable
data rates from 65.4 samples per second to 8k samples per second (in very low power mode).
All channels share the same reference, which are connected to the reference pin of the FFC
header. For efficient data movement and wireless communication, the ADC was set to digitize
with 16bits. The updated schematic is shown in Figure 2.3.2C, with the detailed schematic

containing passives and power circuitry in Appendix A.

This schematic was realized on a six layer custom printed circuit board measuring
7x19.6mm? (Figure 2.3.2D) manufactured using 1.6mm FR4 substrate, 10z copper traces, and
ENIG pad finishes. The Flat Flexible Connectors (FFC; Molex 5034801000), Analog-to-Digital
Converter (ADC; Texas Instruments ADS131MO08), microcontroller with integrated transceiver
(Texas Instruments CC1310), crystals (ECS ECS-240-6-37B2-JTN-TR and Abracon ABS04W-
32.768KHZ-6-B2-T5), and power regulator (Onsemi NCP170AMX330TBG) were then
assembled with leadless solder. To power the device, a two layer daughterboard measuring
7.16x22.46x0.51mm?* was used to securely mount the 22mAh Panasonic CG-420A Li-ion battery
and is connected to the six layer PCB with headers that are soldered in place (Figure 2.3.2¢ left).
This enables different power configurations to be used in the future depending on the study
requirements. A Li-ion battery was chosen to support the continuous high current draw during
wireless streaming of data, with more details in section 2.3.3. The 915MHz antenna
(Ethertronics/AVX M620720) was positioned on the outside face of the device to maximize
radiation efficiency with recommended keep out regions, a pi matching network was
implemented with datasheet recommended values, and large group planes used. Impedance
analysis using a Vector Network Analyzer (Keysight ES080B) showed the antenna was not

matched, but still showed acceptable performance in-vivo as discussed in section 2.3.4.
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The device was then placed in a 3D printed case (Figure 2.3.2E right) fabricated using a
Formlabs 2 3D printer (Durable Resin), with end caps press fit together, and sealed with UV cure
epoxy (Loctite 4305), bringing the final dimensions to 9x12x26mm?>. (This could be made
smaller with higher tolerances on the case). The electrode ribbon is connected to the FFC
connector before placing into the case, with the electrodes fed through a slot in one of the end
caps, and then sealed with the UV epoxy. For experiments where a roller was used, the electrode
ribbon was bound to a 9mm diameter roller using water soluble tape as shown in section 2.2.4
for ingestible delivery with automatic deployment once the device reaches the stomach. For
experiments where endoscopic clipping was used, nylon loops can be passed through mounting
points in the 3D printed case at the front and back ends of the capsule. Additionally, a nitinol
loop can be passed through the via located on the double-sided reference electrode for secure

placement of the flexible electrodes and ensuring a secure interface with tissue.

Further reductions in size could be achieved by using tighter PCB manufacturing
tolerances, different battery configurations, or combining all the components into a single custom
integrated circuit. Other deployment and retention mechanisms can easily be integrated into the

case for ease of deployment and retention.

2.3.3 Software Flow and Power Management

The current consumption of the device depends on the sampling frequency of the ADC,
frequency of wireless communication, and duty cycling rate — all of which can be programmed
ahead providing flexibility in balancing experiment length and signal fidelity. First, the Cortex-
M3 microcontroller is programmed to initialize the ADC for low power and 16bit resolution
mode, at a specified sampling rate and signal amplifier gain configuration. For the in-vivo
experiments presented, a sampling rate of 62.5 samples per second was selected for power
efficiency and a range of £600mV or £150mV was selected depending on the length of
experiment to account for baseline drift. Then, the device transmits a confirmation it was
successfully initialized and then transitions to an ultra low power mode for a programmed
amount of time. Two programmable arrays allow for complete customizability in the duty cycle
ratio over multiple recording events. Unless otherwise specified, for ambulation experiments the
device is turned on immediately before placement (to allow for confirmation of functionality

once assembled), sleeps for two hours, then records 168750 samples (for 45 minutes, to capture
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long trends), and sleeps for 22 hours (a 2% duty cycle ratio). During sampling, the ADC triggers
an interrupt when new data is ready, which is then loaded into a buffer that transmits the data
immediately in parallel to receiving new data. While schemes for saving the data were explored,
streaming the data was found to be more robust in ambulating experiments to ensure minimal
interruption of data if one of the packets was corrupted. For low sampling rates, the device is
automatically able to go into a lower power state after transmission while it is waiting for the

next sample. The data is then wirelessly transmitted as described in section 2.3.4.

To evaluate the trade-off between data throughput and power consumption, the current
consumption of the device was measured using the Nordic Semiconductor Power Profiler Kit II
under different device configurations. These measurements were validated in long term current
consumption measurements using a Keysight 34465A digital multi meter. When configured to
sample at 62.5 samples per second and stream the data continuously, MiGUT consumed an
average of 6.64mA with peaks at 16.88mA. During sleep mode MiGUT consumed 6uA on

average. The results when changing the sampling rate are shown in Figure 2.3.3A.
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Figure 2.3.3: MiGUT battery life. (A) Depending on the selected sampling rate and duty
cycling ratio, the device can provide high quality recordings ranging from a few hours to days
depending on the needs of the experiment. (B) Wireless transmission consumes the most power,
followed by microcontroller data handling and clock generation, and then ADC power
consumption.
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While a Li-ion battery was chosen to ensure the high current peaks during wireless
transmission would not damage the battery (Figure 2.3.3B) and allow for more efficient use via
recharging, silver oxide batteries are more commonly used in ingestible devices for their safety
[65]. Thus, in addition to the Panasonic CG-420 li-ion, two Murata SR626 (1.5V 28mAh) and
two Renata 393 (1.5V 80mAh) in series were separately tested to show compatibility for future
translation. While the two Murata SR626 configuration only lasted approximately five minutes
before continually resetting and unable to maintain nominal operation, the two Renata 393
battery configuration was able to last 7 days. This is 3.5x times longer than the Panasonic CG-
420, with only a slight size increase of 1.5x, at the cost of being unable to recharge and a
cylindrical form factor. In cases where the smaller form factor of the Murata SR626 battery is
more desirable, the transmit power of the device can be lowered. Figure 2.3.4 shows the current
consumption of only the CC1310 during different transmit power levels. This can be correlated
with the datasheet or other stress tests to choose a transmit power level with acceptable current

peaks for each battery, such as 9dBm for the Murata SR626.
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Figure 2.3.4: MiGUT current consumption at various transmit power levels. A packet of
length 18 bytes was transmitted with all other components shut down. The baseline current

consumption of the microcontroller can be seen as approximately 3mA, with higher transmit
powers requiring higher current.
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2.3.4 Wireless Communication

Data from MiGUT is wirelessly transmitted at 12.5dBm transmit power using a 500kBps
symbol rate at 915MHz with a deviation of 175kHz and receiver filter bandwidth of 1242kHz.
Data from all channels are transmitted with a packet number and checksum CRC for error
correction as they arrive from the ADC, resulting in a packet of 20 bytes plus address and
preamble. Generally, shorter packets were found to be received more effectively, with longer
packets generating more likely to be corrupted during transmission in non-ideal conditions,
though this was not thoroughly explored. The 915MHz communication frequency was chosen

for its greater penetration depth and proven track record in ingestible devices [56], [66].

Tests with Bluetooth Low Energy were also performed contributing to [74] and showed
extra considerations are required when trying to implement Bluetooth communication in an
ingestible formfactor. Figure 2.3.5 shows the impact of different spacing between an antenna
and the case when placed in a 500mL beaker of water. While this shows the absolute signal
strength can be made acceptable, the bit error rate of the signal was found to cause issues when
attempting to connect during in-vivo studies. A benefit of 915MHz is that the packets are
consistently transmitted at one frequency (compared to frequency hopping possibly during

Bluetooth connections) and does not require a handshake to start communication.

RSSI Experiments with Chip Antenna C
a

T¥:4

RSS! (dB)

Figure 2.3.5: Signal strength of BLE chip antenna in water. The Received Signal Strength
Indicator (RSSI) when a chip antenna is placed in 500ml beaker filled with water, 30cm away
from the receiver, in air, a case with medium air gap, and small air gap. The medium case does
not significantly impact performance in air and causes less of a performance drop when placed in
water compared to the small case in and out of water.
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A Texas Instruments LAUNCHXL-CC1310 evaluation board with panel antenna (TE
Connectivity PAL902010-FNF) was connected to a laptop and used with Texas Instruments
SmartRF Studio 7 (version 2.23.0) to save the received data to a text file. While a benchtop
receiver setup was used, commercially available USB dongles such as the Texas Instruments
CCI1111EMKS868-915 can enable data to be recorded to a mobile device. With the panel antenna
approximately one to four meters away from the device in a freely moving Yorkshire pig (97kg),
an external 915MHz transceiver was found to reliably receive over 99% of data from MiGUT at

approximately -70dBm in a full stomach and during multiple behaviors (Figure 2.3.5).
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Figure 2.3.5: Wireless performance of MiGUT. Excellent communication is maintained with
minimal data loss from the device in an ambulating animal during multiple behaviors. The
Received Signal Strength Indicator (RSSI) was always well above the sensitivity of the device.

To determine the minimum transmit power required for effective communication, the
packets were repeated and transmitted at different transmit power levels in a different 87kg pig.
The results shown in Figure 2.3.6 show that good communication can be maintained from
+12.3dBm to approximately 4dBm, after which the RSSI drops and the bit error rate increases

considerably. Due to the structure of the enclosure, which contains metal walls that could
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impede wireless signals, we continue to use +12.5dBm to ensure an adequate safety margin.
However in less obstructed environments, if +4dBm transmit power is acceptable this would

correspond to a 1.8x power decrease (see Figure 2.3.4).
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Figure 2.3.6: Communication in-vivo at different power levels. (A) Received Signal Strength
Indicator and (B) packets received sweeping all transmit power levels. No packets were received
transmitting at -10dBm.

2.3.5 Measurement Validation

To validate the operation of each device, a known stimulus is injected into the electrodes
in addition to power profile measurements. A 1Hz 200mV peak to peak square wave generated
by a signal generator (Keysight 3000T with DSOX3WAVEGEN or Rigol DS1104Z-S Plus) was
measured on all channels individually to confirm sampling rate and correct voltage decoding.
Other signals were also tested over a variety of amplitudes and frequencies, and the correct

output was seen to be received with no cross talk. One such test is shown in Figure 2.3.7.
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Figure 2.3.7: Received wireless test signals. A 60mVpp 1Hz square wave was injected into
channel 0, a 20mVpp 100mHz sine wave on channel 2, and a 40mVpp 2Hz cardiac signal on
channel 4 was correctly received.

2.3.6 Comparison to State of the Art

A comparison of MiGUT is presented in Table 2.3.1. In comparing MiGUT with the
state of the art, it is currently the smallest multi channel ingestible. As previously discussed, this

is very significant for clinical translation to ensure it will not cause a blockage while also
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allowing for endoscopic placement enabling easy placement of the device for long term studies
without the need for laparotomy. While an application specific integrated circuit was developed
by Ibrahum et al, it has yet to be implemented in-vivo. Of special note is that MiGUT currently
has the highest sampling rate of available devices, enabling measurement of spiking action

potentials in addition to tracking the slow wave.

Table 2.3.1: Comparison to state of the art.
Paper Wang et | Paskaranandavadivel Javan- Ibrahim et MiGUT
al. [41] et al. [42] Khoshkholgh al. [44]
et al. [43]
Size with 3346 8680 4840 25mm? 2552
Battery (mm”®) ASIC
Recording 3 7 32*¥2 (MUX) | 64 8 (indep.)
Channels (#)
Sampling 90 100 15 244 62.5 (up to
Rate/Chan 8k)
(SPS)
Resolution 12 8 12 10 16 (24
(bits) available)
Communication | 433MHz 2.4GHz 2.4GHz + 13.56MHz | 915MHz
Frequency 13.56MHz
Placement Implanted | Intestinal serosa Benchtop Benchtop Stomach
in greater mucosa
curvature

34




Chapter 3 In-Vivo Validation of MiGUT in Anesthetized

Animals

In-vivo demonstration of MiGUT was first performed under controlled conditions to
ensure adequate signal acquisition, in addition to the performance characterization already
shown. While some early experiments with the initial prototype and cleanroom electrodes were
performed in a terminal setting with surgical access via laparotomy, all experiments shown

below were done with endoscopic placement.

3.1 Device Placement Under Anesthesia

All animal experiments were approved by and performed in accordance with the
Committee on Animal Care at MIT. Yorkshire swine were obtained from Cummings School of
Veterinary Medicine at Tufts University (Grafton, MA, USA) for in-vivo experiments. Pigs
weighing approximately 60-100 kg were placed on a liquid diet for 24 hours the day before the
study and were fasted overnight prior to the study. For device placement, animals were
anesthetized using an intramuscular injection of midazolam 0.25 mg/kg and dexmedetomidine
0.03 mg/kg. Following sedation, animals were placed on thermal support and ophthalmic
ointment was applied to both eyes. The animal was intubated and placed on isoflurane (2%) in
oxygen and connected to a vital signs monitoring system. MiGUT was delivered orally into the
stomach, using an orogastric tube and imaged using PENTAX EC-3870TLK (160 cm) to

visualize the stomach with the animal in the left lateral position.

During these studies, two formfactors were tested. Initially, the device was placed with
electrodes trailing the capsule as shown in Figure 3.1.1A. To ensure no stress was placed on the
capsule-electrode interface, a particularly brittle area after sealed with the epoxy, the device is
pulled down the endoscope using the gripper. This ensured the electrodes were not damaged
during delivery. Later, to showcase this could be taken orally without endoscopy, the roller
configuration described in 2.2.4 was used. This allowed the device to be pushed on the other

side while protecting the electrode interface.
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Figure 3.1.1: Placement of MiGUT in-vivo. (A) To safely place the device, the MiGUT device
was pulled down the over tube using the endoscopic gripper, ahead of the endoscope. (B) The
electrodes were localized from the corpus to the pyloric antrum along the greater curvature of the
stomach, shown in-vivo in (C).

Nine experiments were performed under anesthesia, the data from which is shown below.
In these experiments, the electrodes were positioned such that the reference electrode was

localized near the stomach corpus as shown in Figure 3.1.1B. These experiments lasted on

average 1.5 hours.

3.2 Data Processing

Biopotentials were recorded at 62.5 samples per second, with a representative sample
shown in Figure 3.2.1A. It is encouraging that a signal with similar to the slow wave can be

easily picked out from most channels. Immediately following device placement (t=0 to 500
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seconds), electrical activity is seen in all channels likely as a result of mechanical stimulation
because of endoscopic visualization following device deployment (Figure 3.2.1B). As such, only
recordings approximately 10min after the endoscope was removed considered with early noisy
data being truncated. To isolate the multiple types of periodic waveforms observed, bandpass
filtering using a third order Butterworth filter was used. In these experiments with the reference
closest to channel zero, we see there is less of a change for channels closer to the reference. Of
the nine studies, one dataset was omitted due to a simultaneous study resulting in high levels of

noise.
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Figure 3.2.1: Raw measurements from an in-vivo study. (A) The slow wave can be seen in
measurements without any filtering. (B) Abnormal activity immediately following device
placement.

3.3 Multimodal Signal Analysis

Three signals were seen to be superimposed on the raw signal shown in Figure 3.2.1.

When filtering in the frequency of the slow wave, a continuous periodic waveform with mean
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amplitude of ~5SmV and frequency approximately 3cpm is seen (Figure 3.3.1A). Similarly,
filtering at a slightly higher frequency shows a periodic waveform with mean amplitude of
~1mV at a frequency of 26¢cpm (Figure 3.3.1B). Finally, at a frequency of 90cpm a spiking
waveform can be seen with mean amplitude of ~0.05mV (Figure 3.3.1C). These components of
high spectral energy correspond well with the recorded heart rate and respiratory rate monitored
during the study. This supports that MiGUT can be used not just for tracking gastric slow
waves, but also other vital signals which can be tracked individually or as an input to on-device

algorithms.
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Figure 3.3.1: Multimodal measurements. Filtering to the respective bands reveals (A) the
slow wave, (B) respiration, and (C) heart rate.

In addition to the data presented in Figure 3.2.1, an even slower periodic signal can be
seen highlighted in Figure 3.3.2. Large amplitude waveforms were observed for six cycles with
a period of approximately 500 seconds near the pylorus (chan. 0-2). This has not been
previously reported in literature, possibly due to signal processing schemes focused on the
expected slow wave frequency range. These signals may be attributed to the Migrating Motor

Complex (MMC), which occurs on timescales from 90 to 120 minutes [75]. More investigation
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is required, but these signals possibly point to additional control related activity either related to

the MMC or as an intermediary process.
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Figure 3.3.2: Ultra long periodic signals recorded. Over 1.5h of recording (i) heatmap after
bandpass filtering from 0.005 to 15 Hz and (ii) punch in on channels near the pylorus showing
periodic signal with an approx. 500 second period.

To ensure these signals are indeed of biological origin, in one study a barbiturate cocktail
[Fatal Plus (sodium pentobarbital), Iml/101lbs] was administered during a recording session. As
seen in Figure 3.3.3, after administering the cocktail the slow wave (and all other signals)
terminated. This indicates that these signals were not due to noise in the environment or the

recording setup.
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Figure 3.3.3: Cessation of electrical signals. A barbiturate cocktail administered at t=125s
stops the slow wave from being observed.

3.4 Prokinetic Study

Finally, to show this system can track changes in motility, Azithromycin was

administered halfway during six studies. Azithromycin is a prokinetic that has been shown to
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increase motilin receptors [76]. It was intravenously delivered at Img/kg over 5 minutes through
an ear catheter. After administration, a significant increase in the amplitude of the slow wave
was observed in five of the recording channels shown in Figure 3.4.1A. However, no significant
changes were seen in the respiration and heart rate frequency bands, with the EKG signal still
clearly seen (Figure 3.4.1B). This indicates throughout this duration of increased gastric activity
(with suspected contractions [76]), the electrodes continued to make good contact. Thus, we
show MiGUT is able to track changes in gastric motility and maintain a reliable interface with

the mucosa.
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Figure 3.3.4: Impact of prokinetic on recorded activity. (A) Slow wave activity (0.01-0.25Hz
bandpass filter) before and after administration of azithromycin. (B) Relative difference in signal
power before and after administration for different frequency ranges.
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Chapter 4 In-Vivo Demonstration of MiGUT in an

Ambulating Animal

After MiGUT was shown to reliably track multiple biopotentials in the stomach and
maintain a quality connection with the mucosa, we wanted to capture data from an ambulating

large animal — something that has not been reported in an ingestible form factor.

4.1 Placement with Retention

To ensure the device would not pass through the pylorus and have a better reference
(with low electrical activity) over long recordings, the device was localized such that the
reference was near the fundus with the electrodes running along the greater curvature of the
stomach as shown in Figure 4.1.1A. Placement of the device mirrored what is described in
section 3.1 with the exception that after delivery to the stomach, three endoclips (Boston
Scientific Resolution Clips) were used to secure the device to the mucosa. These Resolution
clips have been shown in literature to stay fixed for a few weeks [77], [78], however much
stronger endoclips such as the Ovesco clip could be used for longer residency up to 24 months
[79]. Two clips were used to secure the capsule on either side using nylon thread (Figure
4.1.1B), and an additional clip was used to secure the reference electrode by a nitinol wire loop

through a hole on the reference electrode (Figure 4.1.1C).
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Figure 4.1.1: Placement and retention for long term studies. (A) Electrodes were placed
along the greater curvature of the stomach with the reference electrode in the fundus and
measurement electrodes along the corpus. (B) The capsule body was secured by two endoclips
on either side, while (C) the reference electrode was secured by one clip via a nitinol wire.

4.2 Study Design and Device Reliability

After placement (in the mornings), the device would sleep until approximately noon and
record for 45 minutes. The device was then programmed to sleep for 22 hours to capture

recordings during different activities as outlined in Figure 4.2.1.
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Figure 4.2.1: Experiment flow. MiGUT was configured to record during different times of day
to capture different behaviors.

We observed over the course of four days the quality of the signal is consistent and of
high quality (after which the device ran out of battery) as shown in Figure 4.2.2. While there are
changes in signal amplitude, these are believed to be caused by changes in behavior discussed in
the following section and not due to degradation of the electrodes or device. Additionally, no
motion artifacts are observed during these long recording sessions. Select areas of high activity
are shown in Figure 4.2.2 and can be seen to be smooth continuous changes in potential, and not
similar to motion artifacts reported in literature [80]. This is transformational as motion artifacts
have been a key limiting factor prevention adoption of gastric mapping systems [80], with signal
processing algorithms developed specifically because of this to extract the underlying gastric

signals [47].
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Figure 4.2.2: Data recorded over multiple days. Day 0 the animal was eating during most of
the recording session, Day 1 the animal was walking around while on liquid diet, Day 2 the
animal on solid diet was ambulating, Day three the animal was on solid diet and resting.
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This shows that MiGUT can be used reliably over multiple days, without any restrictions
to the subjects’ activities or diet. During the study, the pig was fed a combination of pellets,
fruits, and vegetables, which did not interfere with any electrodes (all channels were able to
obtain high quality measurements). Additionally, the peristaltic waves in the stomach did not
dislodge the device. This showcases how MiGUT can be used for long term high quality

recordings.

Fourteen studies were conducted, with one removed due to a poor ground connection
(retention broke), and one the electrode broke during placement (large reference torn off in over
tube). Different configurations were programmed to provide segmented data over multiple days
as well as single continuous recordings for ~3 hours. In eight of the successful studies, a

dominant frequency of 4.39cpm (SD: 0.27cpm) is observed.

4.3 Behavior Analysis

In six studies, 4.5 hours of video recordings were also taken simultaneously during
recording sessions. At first, a GoPro (CA, USA; 1080p 30fps) was used but later studies used
mounted 1080p HD IP cameras with night vision to enable recording without human influence
present. This video was first labeled, with each frame of video associated with a behavior:
feeding, ambulating, sleeping, or playing. Then, the timestamps were synchronized with the
recorded electrophysiological signals from MiGUT. Figure 4.3.1 shows distinct changes in
amplitude during different behaviors. Specifically the amplitude can be seen to be 3-6x larger
when feeding compared to ambulation or resting, which is also seen in the frequency spectrum as

a ~3.2x increase in power.

44



Ambulation
Feeding

| I

1 1 1 1

| | | |
Channel 7

Channel 6

Channel 5

E

Channel 4

=

Channel 3

f

Channel 2

-
——— ———————— = ————
=

Channel 1 |

Channel 0

r4136|ﬂv

0 2000 4000 6000

Time (s)

8000

Frequency
(Cycles/Min)
v
(=) w

N
n

0 2000

4000

6000
Time (s)

8000

10000

10000

Feeding

s

Channel 7

|125 mv

1750 1800 1850 1900

Time (s)

1950 2000

Ambulation

Channel 7 ‘ﬂ\\/vf—u\,,\/-Lm\/'\/&_j\\/,\q,»\,—\u/»~v\,/\/f\ﬂnhj

IIZSmV

6000 6050 6100 6150

Time (s)

6200 6250

Napping

=

Channel 7 /\‘/\;/\\/\_/\//\hr\J/\vf\df‘&/ﬁ\/wvx\,/\uf\kf\v,\/AL

8050 8100 8150

Time (s)

8200 8250

o
[J)
050 N x
g 2
0.25 o
.
s [«
000 <

Figure 4.3.1: Changes in Slow Wave by Behavior. Filtered measurements shown with
corresponding spectrogram, labeled with the associated behavior the pig was exhibiting. Zoom
in shows a significantly increased amplitude during feeding when compared to ambulating or

4.4 Passage Study

napping.

To validate this device could be safely implemented clinically, a passage study was

conducted to ensure the device size (with long flexible electrodes) would not cause an
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obstruction after measurements were obtained. For tracking purposes, a device without the
electronics was filled with 3.5-4g of stainless steel powder (Sigma-Aldrich) matching the weight
of MiGUT while ensuring clear visibility in X-Ray images. The largest electrode sizes, which
had the thickest width along the ribbon, were used in these studies — smaller electrodes are

hypothesized to pass easier. The modified device is shown in Figure 4.4.1B.

A Day 0 Day 2
Device in Stomach Device in Intestines

Study 1

Study 2

Study 3

Figure 4.4.1: Passage Study. (A) X-Rays from device after it was placed on Day 0, and
position at Day 2, device highlighted by green circle. (B) Dummy device before placement. (C)
Dummy device after retrieval.

Over the course of three studies, all devices were shown to unroll in the stomach, passed
into the intestines by day two, and were found excreted by day five (Figure 4.4.1A). One device

was found to have the electrode torn off (Figure 4.4.1C), which is believed to have occurred after
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excretion. This suggests the device can pass without obstruction and does not pose a safety risk.
Further disassembly methods or dissolvable electrodes are worth investigating for patient

comfort.
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Chapter S Conclusion

5.1 Discussion

MiGUT is able to record high quality electrical signals from the gastric environment,
including the gastric slow wave, heart rate, respiration rate, and other signals which require
further study (possibly related to control of the migrating motor complex). Currently, this is
believed to be the first ingestible device (in a swallowable formfactor) able to record from the
mucosa over long periods of time, demonstrated in an awake, unrestricted pig. Our results
generally match those reported in literature, however we report a slightly higher slow wave
frequency (4.39cpm, N=8 ambulatory) compared to that reported in weaner pigs (3.2cpm [36],
[73]) and humans (2.8cpm [22]), but lower than canine (5.2cpm [81]). In [36] this would be
considered tachygastria, however as these results were consistent for long periods (>45min) we
believe this increase in frequency could either be attributed with ingestion of a bolus (which
typically occurred approximately one hour before each recording) or due to lack of anesthesia.
While not previously studied in context of the enteric nervous system, the fed motor pattern is
characterized by contractions of irregular amplitude and frequency which could be promoted by
a natural increase in the slow wave frequency [21]. Similarly, as the migrating motor complex
has been shown to decrease in frequency during sleep an interesting study would involve
studying the impact of deep sleep on the slow wave [21]. All previous high resolution studies
have been done with the animal anesthetized which could have also impacted the slow wave
frequency during their experiments. Opioids, which are commonly used in anesthesia, have
previously been seen to significantly decrease or completely suppress the slow wave frequency
and power in 11/19 patients [82]. This may explain why our results from ambulating pigs are of
higher frequency and higher amplitude than previously reported. MiGUT can enable more

comprehensive studies to be conducted, continuously measuring before and during sedation.

MiGUT has also highlighted the variability in measurements that one might record from
the stomach at different times. It has generally been considered that the slow wave is ever-
present in the stomach [83], with superimposed rapid depolarizations from action potentials
exceeding the threshold required to cause contractions [21]. This has been reported in several

studies spanning multiple animals in anesthetized and conscious settings. Interestingly, we
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observed times where no slow wave activity was seen, in two separate animals for 45 minutes
recording sessions coinciding with the animals being on liquid diet. In days prior and after, post
feeding the slow wave was recorded with in the same animals with the devices in the same
position. During these periods of quiescence the heart rate signal and respiratory signals can still
be observed as in the anesthetized experiments, suggesting this is not a device or contact issue.
One possibility is that these recordings fell in phase I of the migrating motor complex,
characterized by motor quiescence which can last up to 67 minutes in humans [21]. Studies of
the migrating motor complex have shown “Microwaves” (<9 mmHg) at the same frequency of
the slow wave [84], but these were performed during invasive surgeries possibly causing
additional stimulation. Longer term studies with MiGUT will provide more insight into
electrical correlations with the migrating motor complex, fed motor pattern, and reveal the extent

of these electrically quiescence periods.

Lastly, the optimal placement of the device and electrode configuration is still a topic of
active investigation. The most interesting and impactful parameter varied was the location of the
reference electrode. Acute, invasive systems have used a wide range of references far away
from the stomach to provide a stable reference, such as the surface of the abdomen [73], hind leg
[85], in tissue bath [34], while ambulating tethered systems have typically used bi-polar
electrodes [39]. MiGUT was positioned such that the reference was either placed in the corpus
during anesthetized experiments or in the fundus during ambulating studies. Measurements
taken referenced to the corpus were generally found to have a smaller variance over time
compared to measurements referenced from the fundus, however other factors such as reference
electrode clipping and different settings make it difficult to come to a clear conclusion. The
fundus is believed to be the better choice as it naturally provides a stable, electrically quiet
reference, but there may be an optimal distance from the measurement electrodes that would
enable arbitrary placement (e.g. in the corpus) allowing for easier to implement electrode

designs.

5.2 Future Work

MiGUT opens many avenues of exploration for neural recordings in the gut. The
interchangeable electrodes will allow for further optimization and characterization of different

electrode sizes and spacing, optimal reference location, and a platform to evaluate the quality of
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recordings from electrodes with different retention mechanisms. Specifically it would be ideal to
replace the endoclips used for retention with a mucoadhesive that provides a high quality
electrical connection and secure each electrode for multiple days. In its current form, MiGUT
enables a number of fundamental experiments to be done to better understand the enteric nervous
system, slow wave, migrating motor complex, and fed motor pattern over long periods of time
while not confined to a clinical setting. The size of the device would allow for multiple to be
deployed at once if desired, allowing for simultaneous recordings throughout the GI tract. This
could be especially useful when paired with disease models to better understand gastric
neuropathies from an electrical perspective over long periods of time. Towards clinical
translation, the next steps would involve a small re-design to accommodate the silver oxide
batteries and further miniaturizing the size, which could be accomplished by using more
advanced PCB manufacturing techniques or integrating all the components into a single custom

integrated circuit.

MiGUT can also be used as a general purpose, ultra small neural acquisition system to
assist with other studies. As an example, MiGUT could be used in combination with Gastric
Electric Stimulators to better understand what the optimal parameters are with high resolution
recordings. Later, by adding stimulation capabilities to MiGUT, gastric stimulation could be
provided in a closed loop manner for additional power savings and personalized therapy. Other
avenues of parallel measurements include behavioral analysis, anesthesia monitoring/recovery,

and other brain-gut axis studies.

Finally, ingestible electronics represent the forefront of biomedical devices that are small,
power efficient, and can survive harsh environments — fundamental challenges that can be
translated to a number of other biomedical and smart devices. There is still much work to be
done in battery technology to increase the power density, low power communications which can
effectively communicate with devices deep within the body, and durable device packaging that
can survive the gastric environment for an ultra long period of time. Immediate steps to
overcome these challenges could involve wireless charging or energy harvesting, custom antenna
designs, or on-device processing to limit communications. It is an exciting time to work on

ingestible electronics with many future innovations to come.
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Appendix

A.1 Detailed schematic of MiGUT electronics
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Figure A.1: Detailed schematic of MiGUT electronics.
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