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THE BIGGER PICTURE Gastrointestinal (GI) motility processes and transports the food along the GI tract.
Dysmotility, including gastroparesis and dyspepsia, affects 15%–20% of the general population. At pre-
sent, clinical evaluation of gastric dysmotility is limited to radiographic methods that are able to provide in-
formation only on the rate of gastric emptying, but not pressure mapping within the stomach.
SUMMARY
Gastrointestinal (GI) dysmotility, caused by impaired muscular contractions in the GI tract, affects 15%–20%
of the population. Current clinical evaluations are limited. Here we report a motility-mapping platform that
maps three-dimensional (3D) pressure distribution in the stomach, addressing gaps in existing techniques,
such as high-resolution manometry. We validated the platform’s measurements against existing techniques
in the esophagus and rectum. A sensor probe, designed to conform to specific anatomical environments,
uses body-temperature-triggered shape memory alloy to adapt to the stomach. We tested the platform’s
motility mapping in swine stomachs, esophagi, and rectums, both ex vivo and in vivo. This 3D in vivo charac-
terization could transform our understanding, diagnosis, and treatment of complex GI conditions, such as
functional dyspepsia.
INTRODUCTION

Gastrointestinal (GI) motility, in which ingested material is me-

chanically transported through the GI tract, is essential to the

digestion and processing of nutrients.1–3 There are two main

types ofmotility reflexes: accommodation or distension,4,5 which

refers to the GI tract’s ability to expand or contract according to

the volume of its contents; and peristalsis,6–8 which refers to

the mechanical waves generated by the GI tract to propel and

process food. The impairment of motility, also called dysmotility,

is quite common,with a prevalence of 15%–20%among the gen-

eral population.9,10 GI dysmotility underlies common disorders

such as gastroesophageal reflux disease and chronic constipa-

tion. However, diagnostic methods remain limited, particularly

for the study and evaluation of gastric motility.
Esophageal and anorectal motility are better understood than

gastric motility, owing to the existence of high-resolution

manometry (HRM) and impedance planimetry. In clinical prac-

tice, HRM is used in narrow, homogeneous, tubular organs11

(e.g., the esophagus) in the evaluation for motility disorders.

HRM involves a catheter with a densely packed pressure sensor

array with a resolution of 1–2 cm and is capable of evaluating the

spatial-temporal pressure distribution in a 2D format (pressure

along a line). Information provided by HRM is critical for the diag-

nosis and management of esophageal dysmotility. For instance,

the American Gastroenterological Association recommends

HRM evaluation before antireflux surgery to rule out contraindi-

cations or esophageal motility disorders that cannot be treated

with this type of surgery.11 Similarly, anorectal manometry is

commonly used in the evaluation of fecal incontinence or
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constipation to guide further management, such as biofeedback

therapy or surgical correction of disorders such as Hirsch-

sprung’s disease.12,13 Impedance planimetry14 is another tech-

nique used in the evaluation of esophageal motility, and it uses

a plastic tube filled with saline and a catheter with an array of

electrodes, with changes in tube diameter caused by contrac-

tions appearing as changes in electrical resistance between a

pair of electrodes. However, these catheter-based techniques

cannot be used in other parts of the GI tract that are not narrow

and homogeneous, such as the stomach.

Evaluation of gastric motility in clinical practice is mainly

limited to gastric emptying scintigraphy, which involves inges-

tion of a radiolabeled meal and measurement of the percentage

of gastric retention at time points up to 4 h. This is useful for the

diagnosis of gastroparesis, or delayed gastric emptying

(defined as gastric retention >10% at 4 h).15 However, this

method does not provide pressure mapping within the stom-

ach. Wireless motility capsules16 can be used as an alternative

to gastric scintigraphy, but they provide similar information on

gastric emptying. These capsules are swallowed by patients

and are capable of measuring pH, pressure, and temperature.

Gastric emptying, small bowel transit time, and colonic transit

time are estimated based on the pH profile (i.e., the rise in

pH when moving from the stomach to the small intestine and

a drop in pH when moving from the small intestine to the co-

lon). Pressure readings are of limited clinical utility compared

with manometry and are unable to detect a peristaltic pressure

wave front.17 Importantly, patients with and without gastropare-

sis often experience functional dyspepsia, defined as ongoing

symptoms (early satiety, postprandial fullness, bothersome

epigastric discomfort) in the absence of structural etiologies

such as peptic ulcer disease or acid reflux.18 Without a method

to map spatial pressure distribution within the stomach, careful

detailed evaluation of potential altered motility cannot be eval-

uated. Thus, the diagnosis of functional dyspepsia remains

heavily symptom driven and not one that can be correlated

with measurable biomarkers, such as changes in gastric

motility or gastric contraction pressure.

A number of investigational motility-mapping systems have

been developed in attempts to improve evaluation of motility

throughout the GI tract. Electrode-recording systems are used

to quantify the bioelectrical signals that correspond to motility.

These systems have been used to directly measure the bioelec-

tric slow waves in the GI tract in animal studies.19–23 However,

these systems need to be surgically implanted, which limits their

clinical application. There are efforts to record and analyze

motility-related bioelectrical signals via noninvasive electrodes;

however, the information acquired is limited to abstracted fea-

tures of motility rather than global distributions.24,25 Another

trend in motility-mapping systems is to replace solid-state pres-

sure sensors with optical-fiber-based pressure sensors.26–28

Optical-fiber-based sensors enable sensing probes to be minia-

turized. However, because sensors are still embedded into a

catheter, like a traditional manometry probe, the data acquired

from the two systems are effectively the same and limited to nar-

row tubular organs. Other sensing methods have also been used

for motility mapping, including mutual inductance,29 bioacous-

tics,30 resistive sensing (e.g., thin-film strain gauges),31 magne-
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toresistive sensing, and biosusceptometry.32 Previously, our

group developed a flexible piezoelectric device that can conform

to smaller segments of the stomach wall and monitor motility.33

To the best of our knowledge, there is no system reported that is

capable of achieving three-dimensional (3D) pressure mapping

of the stomach.

A further complication in the challenge associated with

developing a stomach motility probe lies in deploying sensors

in the gastric environment with the constraint of passage

through the narrower tubular esophagus, akin to the ‘‘ship in

a bottle’’ challenge. A medical device must enter the esoph-

agus with a diameter no larger than 2 cm but must expand in

the gastric cavity to a maximum diameter of approximately

8 cm and deliver the sensor to the gastric wall. Existing stents

are designed for tubular organs, such as arteries and the uri-

nary tract, and have limited expanding capability. Gastric reten-

tive devices have been designed but lack the ability to expand

and deliver sensors to the gastric wall, including in our previous

work.34

To address these limitations in 3D mapping of gastric

motility, we developed conformal pressure-sensing probes by

carefully designing the shape, stiffness, and heat-transfer prop-

erties of the probe’s supporting structure. The motility-sensing

probes use nitinol, a shape memory alloy, for its conformal and

adaptive supporting structure. Nitinol has been extensively

applied in stent35–39 and gastric retentive devices,34,40 and it

has been proven to be chemically safe and stable for in vivo ap-

plications. The design of the supporting structures is able to

adapt to the anatomic and dimensional variation within stom-

achs across subjects. An array of pressure sensors is

embedded into the probe, with a spatial resolution of 2 cm.

The probes use flexible printed circuit (FPC) sensor belts, and

an electronic interface is developed to read and process the

data measured by all probes. Esophageal and rectal probes

can be placed or removed via an endoscopic overtube or

directly into the lumen. The stomach probe can be stretched

into a long belt and delivered endoscopically. Once the probe

is deployed, body temperature drives the phase transition of

the nitinol-supporting structure from martensite to austenite

state; it then transforms into its pre-programmed shape.

Once the probe is placed into the subject, body temperature

continuously heats the probe, and thus it is important to avoid

phase transition from occurring before the probe is positioned.

We found the deployment time of the stomach probe needs to

be no more than about 4 min to avoid premature phase transi-

tion. Once the phase transition is complete, the pressure sen-

sors are delivered to the wall of the GI tract. After testing is

completed, the probes can be removed from the subject endo-

scopically without a surgical procedure. The platform was

tested to measure changes in gastric pressure in swine.

Because there is no clinically available system for mapping

spatial-temporal pressure distribution within the stomach, this

platform was also tested in the esophagus and rectum in swine

and validated against a US Food and Drug Administration

(FDA)-approved HRM11 system, which is used clinically to

obtain 2D intraluminal pressure data. The system not only inte-

grates motility evaluation of three anatomic segments (esoph-

agus, stomach, and rectum) of the GI tract into one platform
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Figure 1. Adaptable motility probes

(A) Illustration of the universal motility-mapping system with tubular and bolus sensing probes.

(B) Deployment and retrieval workflow of the stomach motility probe.

(C and D) Deployment and retrieval illustrations of (C) rectum and (D) esophagus probe.

(E and F) X-ray of tubular probe in (E) esophagus and (F) rectum.

(G and H) X-ray (G) and endoscope image (H) of the bolus probe in the stomach.

(I) Illustration of the bolus organ (stomach) motility probe.

Article
ll
but also achieves global motility mapping inside the stomach,

which is not yet clinically available.

RESULTS

Adaptive motility-sensing probes
The platform developed in this work has three different probes

that are designed to support mapping of the mechanical pres-

sure in the stomach, esophagus, and rectum (Figure 1A). Linear

sensor probes are used for the esophagus and rectum. To map

the 3D distribution of mechanical pressure in the stomach, we

envisaged and built a conformal globular supporting structure.

To deploy the stomach probe, it is stretched into a linear belt

and advanced through an endoscopic overtube placed inside

the esophagus. Once the device is deployed inside the body,

the body temperature from the subject triggers the nitinol phase

transition (Figure 1B). The probe returns to the programmed

shape and conforms to the stomachwalls. To retrieve the device,

a cable, which is attached to the probe, can be withdrawn; the

device will then exit via the overtube in the esophagus (see
Figures 1C and 1D). The rectal and esophageal probes can be

directly inserted into the rectum or via an overtube into the

esophagus, respectively. Cables attached to either rectal or

esophageal probe can be withdrawn; the probes then exit the

subject. Figures 1E–1G show X-ray images of the probes in the

esophagus, rectum, and stomach of a swine, respectively. An

endoscopic image of the probe deployed in the stomach of the

swine is shown in Figure 1H demonstrating the coil-like structure

(Figure 1I) and juxtaposition with the gastric mucosa. The

sensing units are delivered to the stomach wall and pushed

against by the supporting structure (Figure 1H). Endoscopic

and radiographic evaluation did not reveal mucosal injury as sup-

ported by the lack of abrasions, aswell as free air in the abdomen

(Figures 1E–1H).

Self-aligned supporting structure for motility probes
The probes use the shape memory alloy nitinol as the supporting

structure material. The nitinol strips used for the esophagus and

rectum probes are 1 mm thick, 12 cm (rectum probe) or 54 cm

(esophagus probe) long. Using the dimensions measured from
Device 1, 100010, July 21, 2023 3
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Figure 2. Mechanical design of the supporting structure

(A) The illustration of axial and radial forces bolus probe experienced inside the stomach.

(B and C) Models for bolus organ-supporting structure: (B) axial stiffness model result and (C) radial stiffness model result.

(D) Change of diameter of each turn when a uniform load is applied to the supporting structure. Each cross (+) refers to a data point obtained from the radial

stiffness testing experiment.

(E) Stomach probe being extended.

(F) Stomach probe being crushed by hand.

(G and H) X-ray of supporting structure inside the stomach of (G) 89-kg and (H) 90-kg pigs.
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a swine stomach (Figure S1A), we found that to have a 2-cm

resolution of pressure mapping in the stomach, similar to the

FDA-approved manometry’s resolution (22), there should be

�90 sensing units. Thus, we designed a coil-like structure

180 cm long (Figure 1I). The challenge in building a conformal

supporting structure is achieving an appropriate axial stiffness

while minimizing radial stiffness. Axial stiffness is the structure’s

ability to expand inside stomach against its weight (Figure 2A).

The probe needs to be stiff enough axially to expand across

the stomach. Radial stiffness is the structure’s ability to push

against the surrounding stomach tissue (Figure 2A). The probe’s

radial stiffness needs to be minimized so the probe can adapt to

subjects with different stomach shapes/sizes.

A model was built to study the influence of the thickness of the

nitinol on axial stiffness. Nitinol sheets with a transition tempera-

ture of 35�C and thicknesses of 0.1, 0.25, 0.5, and 1 mm were

selected. Thewidth of the stripwas set at 1 cm in order to fit inside

anovertubewithadiameter of 1.5cm.Asshown inFigure 2B,with

asensorbelt thatweighs100g/m,a0.1-mm-thickdevice fully col-

lapses. Devices with thicknesses of 0.25, 0.5, and 1 mm have

open angles of, respectively, 100�, 175�, and 179�, as illustrated

in Figure S1B. We found the optimal thickness to be 0.5 mm,

because it allows a large open angle (expansion across the stom-

ach) with the smallest thickness. In our coil spring model of radial

stiffness, the diameter of each turn is a function of the pressure

uniformly applied to the coil, which comes from the gastric wall,

and the result is shown in Figure 2C. In the experimental data,

as shown in Figure 2D, one can see from 0 to 150 mm Hg, and

the diameter of each turn is reduced by�2 cm. See experimental

procedures in the SI for more information of axial and radial stiff-

ness models and of stiffness testing. Considering the diameter of

a 75- to 100-kg swine’s stomach is 4–7 cm, the supporting struc-
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ture is able to reduce total diameter by 30% to 50% when the

maximum possible pressure is applied. This indicates that the

radial stiffness of the supporting structure is sufficiently small.

The supporting structure with 0.5 mm thickness is then fabri-

cated and integrated with the sensor belt. The probe is stiff but

flexible, which allows it to be stretched or compressed for adap-

tation purposes (Figures 2E and 2F). We then deployed the same

supporting structure into animals with different body weights.

Figures 1G, 2G, and 2H are X-ray images of the supporting struc-

ture in swine of body weight 103, 89, and 90 kg, respectively.

One can see the supporting structure has aligned by itself and

adapted to stomachs of different subjects.

To ensure the safety of the intervention, we needed to under-

stand the frictional forces during the deployment and retrieval

processes (details provided in the experimental procedures sec-

tion in the SI). Figures S1C and S1D show the frictional force on

the supporting structure in the overtube as a function of how far it

has been pushed/pulled into/out of the overtube. Figure S1C

shows the friction when the structure is in the martensite phase

(below the phase transition temperature) and pushed into the

overtube. The frictional force reaches a maximum value of

27 N with a coefficient of friction of 0.2. Figure S1D shows the

frictional force when the supporting structure is in the austenite

phase (above the phase transition temperature) and removed

through the overtube. In the austenite phase, the maximum fric-

tion force reaches 70 Nwith a coefficient of friction of 0.2. In both

cases, the maximum frictional force is proportional to the coeffi-

cient of friction. Our findings have two implications. First, the de-

vice must be well lubricated in both the deploying and retrieval

processes. In the in vivo experiment, we used an edible oil spray

(PAM Cooking Spray) to create an oil-rich environment in the

overtube. Second, in the deploying process, we needed to
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Figure 3. Pressure-sensing units design and system integration

(A) Exploded view drawing of motility probe.

(B) SEM images of the foams (37704-ND, 37680-ND, 16-1448-ND, and 16-1231-ND).

(C) Single cell under compression test on the Instron platform.

(D and E) Properties of four off-the-shelf anti-static packaging foams: (D) conductivity and (E) Young’s modulus.

(F) Gauge factor of foam 16-1231.
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ensure the transition from the martensite to austenite phase

would not occur before reaching the stomach. A heat transfer

model was developed to study the temperature of the device

as a function of the time in the body of the swine (Figure S1E)

(heat-transfer mathematical model is described in the experi-

mental procedures in the SI). The body temperature of the swine

is 38.6�C–39.2�C.41 The plateau in the graph is the time period

when the device reaches the transition temperature. The heat

is absorbed into the material as latent heat to drive the phase

transition. Before the plateau, the device’s temperature rises

from the initial room temperatures, set at 15�C, 20�C, 25�C,
and 30�C. To minimize friction and prevent the probe from un-

dergoing phase transition in the overtube, the probe needs to

reach the stomach before tp, which is when the phase transition

starts. With an overtube length of 0.5 m, the total allowable de-

livery times with different initial room temperatures are shown

in Table S1.

Sensor probe prototyping and integration with
supporting structure
Each of the probes has a linear pressure sensor system

composed of a FPC, a nitinol strip as the supporting structure,

and two layers of sealing for impermeability (Figure 3A). The

probes require no microfabrication or clean room process. The

probes are fabricated entirely using off-the-shelf materials and

thus can be easily scaled up in production. To design the

conformal GI tract motility-mapping probes with piezoresistive

sensors, we needed materials with low elastic modulus and

high electrical conductivity. To build a sensing unit, we evaluated

commercially available anti-static foams and fabricated multi-
walled carbon nanotube (MWCNT)-doped polymers (see

Figures 3B and S2). An off-the-shelf anti-static foam was used

as the sensing material because of its high electromechanical

performance and strong adhesion to the FPC board. MWCNT-

doped foam’s electromechanical performance could be tuned

to the desired values for motility-mapping application. However,

its poor adhesion with the Cu electrodes on the FPC prevent the

MWCNT-doped foam from being implemented in the sensing

probe.

The piezoresistive foam’s electrical resistance decreases

when the pressure is applied uniaxially onto it. To understand

the mechanism of this phenomenon, we first studied the micro-

structure of the piezoresistive foams and then characterized the

electromechanical characteristics of the foams. As can be seen

from the scanning electron microscopy (SEM) images in Fig-

ure 3B, all four foams exhibit a porous structure, with the pore

diameter of 0.5–1 mm. The 3D morphology was evaluated using

a 3Dmodel fromCT scan imaging data with 3-mm resolution (Fig-

ure S3A). All piezoresistive foams had a porosity of over 90%

(Figure S3B). The morphology and the porosity data helped us

to build a hypothesis of anti-static foams’ mechanism of detect-

ing mechanical pressure. In the neutral state, where there is no

pressure applied on the foam, the electrons flow through the

skeleton of the foam. Once the foam experiences stress, the

porous structure collapses and contacting points are created in-

side the foam. With a larger stress, more contacting points are

created; thus, the electrical resistance of the foam decreases.

In order to measure the electrical conductivity of the foams, a

pair of flexible electrodes are attached to either side of the

piezoresistive foam cylinder, as shown in the illustration of
Device 1, 100010, July 21, 2023 5
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Figure 3C. These electrodes enable the measurement of foams’

I–V curves and electrical conductivity. For the measurement of

mechano-electrical response and gauge factor (GF), the piezor-

esistive foams with flexible electrodes are placed under the

compressor of the Instron, which applies forces at programmed

speed and value. It is worth noting that in the measurement of

stress-strain curves of the foams and Young’s modulus, the

foams are placed directly under the compressor without flexible

electrodes. Additional details about the foam characterization

can be found in the experimental procedures section in the SI.

The conductivity of the sample 16–1231 was superior to the

other foams (Figure 3D). Sample 16–1231 had a conductivity of

10 S/cm, whereas other foams have significantly smaller con-

ductivity. The foam 37704-ND had the highest Young’s

modulus value (E = 754± 24 kPa), whereas the softer foam

(16-1231-ND) had a value of E = 180 ± 22 kPa (Figure 3E). In

our application, the desired value for E is �100 kPa because

with a motility compression pressure of �40 kPa, the material

will have a significant deformation and thus a change of electri-

cal resistance. The desired conductivity of the material is

�10 S/m. With this conductivity, the measured current would

be �1 mA when �10 V of bias voltage is applied onto the

sensing material. This amount of current is large enough for

an accurate electrical resistance scanning (the resolution of

current measurement is �1 mA in our system) while maintaining

the voltage below the dangerous threshold of 30V.42 Based on

our results, we concluded that the best candidate was the sam-

ple 16-1231-ND, with its low Young’s modulus E (Figure 3E)

and high electrical conductivity (Figure 3D). The piezoresistive

behavior of the foam 16-1231-ND exhibited good linearity up

to 50% deformation, with a GF value of 1.0 ± 0.4 (Figure 3F).

A twin-spring model is developed to optimize the geometric pa-

rameters of the sensor cell, where the foam is modeled as a

linear spring connected in parallel with the FPC modeled as a

U-turn spring. The model is verified by observing the mechan-

ical behavior of the sensor cell (Figure 3C). When the sample is

compressed, the foam cell shrinks in height and behaves like a

linear spring, and the diameter of the U turn gets smaller. The

sensor is applied to 18 cycles of compression to verify its

response linearity and a further 1,000 cycles to confirm its

durability (see Figures S3D and S3E). The experimental data

are in accordance with the twin-spring model prediction (FPC

U-turn and the foam are modeled as two springs connected

in parallel, see supplemental information for more information).

Furthermore, foam 16–1231, which is used in this work for

in vivo applications, is cross-linked polyurethane, carbon black,

and acrylic-impregnated materials. All three compounds are

found to be safe and non-cytotoxic.43–45

In vivo evaluation of the motility-mapping probes
The probes were evaluated in the esophagus, rectum, and

stomach in a swine model. Through endoluminal stimulation

from either a balloon or dilation catheter, we observed the pat-

terns of a single strong contraction followed by series of

weaker contractions in the esophagus. To evaluate the perfor-

mance of the esophageal probe, we applied a model food

bolus (endoscopic placement of a balloon) and quantitatively

compared the pressure readings (Figure S4A). In this study,
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we utilized a 0–1 correlation factor to quantify signal similarity,

where a correlation coefficient of 0 indicates no correlation and

a coefficient of 1 indicates complete similarity between signals.

The peristalsis peaks were captured by both the esophagus-

sensing probe and a commercial HRM, which served as a

comparator, with correlation factors of 0.581, 0.486, and

0.487 at 18, 20, and 22 cm from the incisors, and p values of

the Wilcoxon rank-sum test of 4 3 10�17, 5 3 10�8, and 2 3

10�8, respectively. The spectral intensity graph of the two

sensing readings is shown in Figure S4B. The correlation be-

tween the two spectra is 0.6645. The pressure-time-location

graphs from 10 to 36 cm are shown in Figures S4C and S4D.

A clear similarity can be seen in the two graphs, in which three

strong pulses are observed at t = 0, 35, and 90 s with subse-

quent periodic contractions. We then used a dilation catheter

to stimulate a single pulse of contraction in the esophagus. Fig-

ure S4E shows the strong single pulse captured by both de-

vices, with correlation factors of 0.5578, 0.5597, and 0.6120

at 18, 20, and 22 cm from the incisors, respectively, and

p values of the Wilcoxon rank-sum test of 5 3 10�6, 1 3

10�5, and 2 3 10�6, respectively. The spectral intensity graph

of the two devices is shown as Figure S4F, with a correlation

factor of 0.6202 for the two signals. The pressure-time-location

graphs of the dilation catheter case are shown in Figures S4G

and S4H. A single strong pulse was recorded in both devices,

followed by the subsequent smaller pulses.

In addition, we evaluated an endogenous reflex in the rectum

called the rectoanal inhibitory reflex, which involves relaxation of

the internal anal sphincter in response to rectal distention to facil-

itate the passage of stool.46 We placed a balloon into the rectum

of the swine along with the sensing probe and the HRM catheter.

We inserted the balloon at 80 s (see Figure S4I, annus panel), and

thus at the anus there was a significant increase of pressure at

around that time. This insertion was also captured by the sensing

probe at location = 4 cm shown in the blue line. At 140 s, we in-

flated the balloon to simulate rectal stool filling. The filling was

accompanied with a decrease in pressure at the level of the

anal canal (see Figure S4I, annus panel 140 s). The data from

the rectum pressure mapping are presented in pressure-time-

location graphs in Figures S4J and S4K. The inflation event,

which corresponds with an increase of pressure, occurs at

140 s at 4 and 6 cm; the relaxation event in the anus at 0 cm

occurs around the same time point. More information regarding

the experimental protocols can be found in the experimental

procedures.

The coil conformal arrangement was evaluated in vivo in the

stomach of swine. Testing was performed through external

abdominal palpation. A force sensor was placed under the

hand to record the pressure applied by the hand. Sensing unit

24 on the probe was selected for comparison with the external

pressure, and concordant pressure changes were observed.

The pressure distribution of the device as a function of time is

shown as well. As can be seen, external compression causes a

pressure increase in two areas: on the distal lesser curvature

and on the proximal greater curvature (Figure 4A; Video S1).

We also evaluated the effect of repeated gastric insufflation

with a period of around 30 s (Figure 4B): each peak in the graph

relates to a deflation event. During the deflation events, we had
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Figure 4. In vivo validation of stomach motility probe

(A) Application of external force on the abdomen of the swine via palpation. External pressure and reading from sensor 24 are plotted into two separated line plots.

The mapping results at different time points are shown by contour graphs on the right.

(B) Applications of internal force by inflating and deflating the stomach with an endoscope. The average pressure from all sensors is plotted into a line graph. The

mapping results at different time points are shown by contour graphs on the right.
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the capacity to observe discrete changes throughout the gastric

walls (see Video S2). We also studied the influence of azithromy-

cin on gastric motility pattern (see experimental procedures sec-

tion and Figure S5).

DISCUSSION

Herewe report the development of a conformal motility-mapping

platform that can measure 3D global pressure distribution in the

GI tract. This platform is able conform to anatomic and dimen-

sional variation across subjects, and it demonstrates the ability

to evaluate changes in pressure within the stomach, esophagus,

and anorectal canal. To achieve measurements of pressure in

these distinct areas, we employed a shape memory metal

(nitinol) support coupled to sensing arrays. The sensing probes

use thin nitinol strips, designed according to the anatomic

shape/dimension of the GI tract, as supporting structures and

can be linearized to support endoluminal deployment. Linear

nitinol strips are used as supports in esophagus and rectum

probes. The supporting nitinol of the stomach probe is pre-pro-

grammed into a coil-like structure. Once the probe is inside the

body, the thermal energy from the subject triggers the phase
transition in the nitinol, and the probe then conforms to the shape

of the stomach. The probes deliver pressure-sensing units to the

luminal wall and map the motor patterns. Upon completion, all

three probes can be retrieved by withdrawing a cable connected

to the probe. Through in vivo swine studies, we benchmarked the

performance of the system to an FDA-approved HRM catheter

through pressure mapping in the esophagus and rectum. The

accuracy of the stomach-sensing probe was confirmed by

applying known external and internal forces to the animal and

measuring the resulting pressure distribution.

In our benchtop prototype, the maximum width of the sensing

probe is 1 cm. Based on the in vivo study in the swine model, this

probe is small enough to support deployment and retrieval.

Given that the maximum diameter of an FDA-approved HRM

probe is 4mm, future work will be focused on further miniaturiza-

tion of the system.

Commercial HRM has shown a lower noise compared

with our probes. The sensor probes used in our work are bench-

top prototypes assembled by academic researchers. Such

‘‘hand-made’’ fabrication lacks the manufacturing consistency

that large corporations excel in. Also, we built our probes using

widely available components such as low-cost op-amps,
Device 1, 100010, July 21, 2023 7
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resistors, and multiplexers, resulting in a low electronics cost.

Future study and optimization will need to address the fabrica-

tion consistency and electrical noise observed with these early

proof-of-concept prototypes.

The dimensions of the stomach sensing probe are highly

dependent on the size of the stomach, and the nitinol support

has the capacity for future personalization depending on body

habitus of the subject. In this work, we designed the supporting

structure based on the dimensions of the stomach in a 75- to

100-kg female swine model. In the current prototype the sensors

were directly attached to the supporting nitinol band. In the

future, further personalized measurements could decouple

these elements.

Evaluation of gastric motility in clinical practice is limited to

evaluation of gastric emptying only. However, patients without

delayed gastric emptying or any structural abnormalities

commonly experience a constellation of symptoms described

as ‘‘functional dyspepsia,’’ which is poorly understood. This is

due to the uncertain correlation between perception of discom-

fort and changes in gastric motility/pressure, for which evalua-

tion is limited because there is no existing method to map

spatial pressure distribution within the stomach. We have

developed a device capable of mapping gastric pressure in a

minimally invasive manner, which may be applied to human in-

vestigations in the future. This may enable correlation of symp-

toms with changes in gastric motility patterns, which has the

potential to transform our understanding, diagnosis, and

treatment for patients with yet-to-be defined gastric motility

disorders.

The introduction of amotility probemay create a false sense of

fullness, which can affect the device’s ability to measure natural

motility patterns accurately. However, generating natural motility

patterns has proven to be challenging in our study, which is

limited to three sedated swine. Sedation is known to dampen

GI motility,47 reducing GI motility in sedated large mammals.

Even with the infusion of azithromycin, a recognized prokinetic,

a natural contraction pattern was not observed in our experi-

ments. Most motility tests in clinical settings are conducted

while patients are awake, which may lead to a more accurate

representation of natural motility patterns. Current in vitro and

ex vivo models apply mechanical modes of contraction/

compression of tissue as models. We recognize the important

of evaluation in awake pre-clinical and clinical models. Toward

optimal translation, future development may include percuta-

neous gastric access via a gastrostomy port, as well as early

clinical trials in awake subjects.

Although endoscopic and radiographic evaluations have not

revealed any mucosal injuries caused by the device, the degree

of discomfort or gastric outlet obstruction that it may cause

to patients remains unknown. Therefore, further studies are

required to subjectively evaluate and minimize any discomfort

or evidence of functional obstructions transiently associated

with the device.

Future successful translation of these technologies will require

further evaluation across a range of disease states, as well as

further development on fabrication techniques and exploration

of the potential for personalized probes that maximize data

collection across a range of subject body habitus.
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Resource availability

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Giovanni Traverso

(cgt20@mit.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data needed to evaluate the conclusions in the paper are present in the pa-

per and/or the supplemental information. Additional data related to this paper

may be requested from the authors. This paper does not report any original

code or algorithms. Any additional information required to reanalyze the

data reported in this work is available from the lead contact upon request.

Materials involved

3D models of the platform were designed in Solidworks (Dassault Systemes,

Velizy-Villacoublay, France). The manufacturing G-code was generated from

Fusion 360 (Autodesk, San Rafael, CA, USA). The Tormach 440 PCNC (Torm-

ach, Waunakee, WI, USA) was used to mill a plastic fixture. The rawmaterial of

the fixture was purchased from McMaster-Carr (McMaster-Carr, Elmhurst, Il,

USA). The circuits were designed on Eagle PCB (Autodesk) and manufactured

by Bittele Electronics (Markham, Ontario, Canada). Other relevant electronic

components were purchased from Digi-Key Electronics (Thief River Falls,

MN, USA). LDPE tubings were purchased from Uline (Pleasant Prairie, WN,

USA). Eco-flex silicone was purchased from Smooth-On (Macungie, PN,

USA). Tetrahydrofuran was purchased from Sigma-Aldrich (St. Louis, MO,

USA). Styrene-ethylene-butylene-styrene polymer was supplied by Kraton

(Houston, TX, USA). Multiwall carbon nanotubes were purchased from US

Research Nanomaterials (Houston, TX, USA). The nitinol alloy was purchased

from Kellogg’s Research Labs (Salem, MA, USA), and water jetting was done

on an OMAX water jetting machine (Kent, WA, USA). Yorkshire swine used for

in vivo studies were acquired fromCummings School of VeterinaryMedicine at

Tufts University (Grafton, MA, USA). The data visualization and processing

were performed on MATLAB (MATLAB, Natick, MA, USA). The Universal

Testing Machines was purchased from Instron (Norwood, MA, USA).

The in vivo swine experiments were pre-approved by the Massachusetts

Institute of Technology (MIT) Committee on Animal Care, in accordance with

all local, state, and federal regulations. All experiments were conducted ac-

cording to the approved protocols.

Deploy/retrieval protocol of the stomach probe

The bolus probe was deployed and retrieved through via upper endoscopy.

During deployment (see Figure 1Bi), we placed a lubricated overtube via the

esophagus into the stomach. We unwound the probe (shown in orange) and

began to push it through the overtube. Note that there’s a wire attached to

the coil at the end (shown in blue). We continued pushing the coil through

the esophagus (see Figure 1Bii) until the coil was fully in the stomach. We

confirmed it with videos from the endoscope. Once the nitinol was in the stom-

ach, it coiled back into its programmed shape because of the temperature in

the body (see Figure 1Biii). When the coil was ready to be removed, we pulled

the string attached to it until all the equipment was fully out (see Figure 1Biv).

IN VIVO EVALUATION PROTOCOLS ON A SWINE MODEL

To validate the proposed concept, we used three Yorkshire

swine, each weighing 75–100 kg, to test the platform. During

the experiments, all three probes were deployed into the swine,

and an electronic connection cable transmitted signals from the

individual sensor units to the scanning interface. Data were then

streamed to a PC as shown in Figure S13. An electronic interface

is developed to record the data streamed from in vivo probes.

A clinical HRMwas used as the tool of calibration and compar-

ison. The swine were anesthetized before the experiment, and

mailto:cgt20@mit.edu


Article
ll
several stimulation methods were used to generate motility/re-

flex. The in vivo data collected in this study is processed in

MATLAB using moving average filter to remove the noise came

from heart beating in the animals. To conduct in vivo experi-

ments, we first deployed the sensing probes and HRM probes

into the animals. The sensing and HRM probes were positioned

next to each other, as illustrated by the blue curve in Figures S4A,

S4E, and S4I. The sensing units on our probes are spaced 2 cm

apart, while those on the HRM probe are spaced 1.5 cm apart.

Both probes provide line mapping of contraction in the esoph-

agus and rectum. To compare the data obtained from these

probes, we highlighted data from three points in Figures S4A,

S4E, and S4I. By doing so, we can determine the correlation be-

tween the measurements obtained from our sensing probes and

those obtained from the HRM probe. We turned on the devices

and observed the live-streamed baseline readings of HRM and

sensing probes for 1–2 min. After confirming there were no

motility/peristalsis/reflex patterns observed on both devices,

we then subsequently started applying stimulations to the

animals.

Animal sedation
Pigs were sedated with intramuscular injection of midazolam

0.25 mg/kg with dexmedetomidine 0.03 mg/kg and after intuba-

tion, anesthesia was maintained with isoflurane (1%–3% in

oxygen).

Recovery
Pigs are returned to their pen and sedation reversed intramuscu-

larly with the reversal agent atipamezole. If intubated, the pig is

closely monitored until extubation and then is followed by moni-

toring of the recovery process until the pig is standing and

considered bright, alert, and responsive (BAR).

Monitoring/Vitals throughout the study
After the pig is sedated and weighted, it is placed on a heated

operating table with the additional thermal support of a heated

blanket Ophthalmic ointment is applied to both eyes. Once the

pig is placed on isoflurane (1%–2%) and oxygen (1%–3%) either

via a facemask or an endotracheal (ET) tube, it is then connected

to an anesthesia monitoring machine in order to monitor vital

signs every 15 min until returned to the pen.

Endoscopic delivery
Device delivered to stomach via colonoscope placed in orogas-

tric tube/overtube. PENTAX EC-3870TLK (160 cm) for delivering

drugs/devices to the stomach of larger pigs (>50 kg) and for retro

flexing to visualize the entirety of the stomach.

Overtube specifications
The overtube specifications were as follows: material, urethane

polyvinyl chloride (PVC); inner diameter, 5/8 inch; outer diameter,

3/4 inch; and wall thickness, 1/16 inch.

Stomach

Once the nitinol coil was in the stomach, we conducted three

tests: internal force, external force, and azithromycin (USP)

infusion. For internal force, we secured a hose clamp on the

end of the overtube so that the stomach was a closed system.
Using the endoscope, we then inflated the stomach for 30 s

and then deflated the stomach for 30 s. External force was

applied by applying palpation on the abdomen. On the

abdomen was a pressure sensor, whose calibration is depicted

in Figure S5A. We obtained this calibration graph with an Ins-

tron measuring force and multimeter measuring resistance

simultaneously. Tests for external force were conducted for

10 min in cycles, where each cycle consisted of 5 s of applica-

tion and 10 s of rest.

While the sensing probe was in the animal’s stomach, we

infused 500 mg of azithromycin intravenously over 30 min using

a syringe pump. The average pressure reading from the stom-

ach sensing probe is shown in Figure S5B. We observed an in-

crease in pressure during the first 20 min of infusion followed by

a period of relaxation. Measurements from all 90 sensors are

shown in Figure S5C, as raw data, and Figure S5D, after

applying a moving average filter. In Figure S5C, we observed

a very distinct respiration pattern. In Figures S5E and S5F,

the height plot of the data from Figure S5D and the 3D interface

of the pressure distribution show a migration pattern. However,

when comparing the peristalsis patterns in Figure S5E and S5F,

we did not find any significant differences between the begin-

ning of the infusion versus 25 min afterward. The pressure

distribution inside stomach is shown in Figure S5G. Therefore,

it does not appear the migration pattern is caused by

azithromycin.

Esophagus

To verify the accuracy of our device, we conducted comparison

studies in the esophagus. First, we tested the effect of a bolus

balloon on esophageal peristalsis, which simulates food bolus.

We inserted a deflated bolus balloon into the esophagus along

with our sensor probe and the HRM sensor catheter together.

The tips of the two sensor probes were 20–30 cm behind the

balloon. We inflated the balloon with 10 mL water and moved it

up and down the esophagus. This movement created a swallow

reflex, and we recorded the data on both machines before

repeating this process twicemorewith a 5-min break in between.

Once we finished with the bolus balloon, we ran tests with a dila-

tion catheter. We inserted the sensor band, HRM sensor, and

dilation catheter together roughly 20–30 cm into the esophagus.

Using a syringe, we changed the volume of the dilation catheter

by increasing it to 10 mL and then decreasing it back to 0 mL.

Each of these cycles took 30–60 s. Like the bolus balloon, we

conducted three cycles with a 5-min wait between each cycle.

Rectum

We inserted a bolus balloon into the rectum along with the HRM

probe and our sensor probe. The two probes were inserted

10 cm into the rectum. We started collecting data and recorded

1min of a baseline on both devices. At 80s, we inserted the bolus

balloon into the rectumwith a depth of 5 cm. Thenwe inflated the

balloon with 20 mL of water at 140 s and held it for 2 min. We

deflated the balloon and held it for 2 min. We repeated this

process two more times.

STATISTICAL ANALYSIS

No data were excluded from the analysis. T tests were per-

formed onMATLAB. A p value <0.05 was considered statistically
Device 1, 100010, July 21, 2023 9
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significant. The number of replicates used in each study is indi-

cated in the main text. Figure captions define the average value

and standard deviation present in the plots.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
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