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THE BIGGER PICTURE Limited tools exist to electrophysiologically characterize the gastrointestinal (GI)
system for the diagnosis of GI neuromuscular diseases, due to the challenging anatomical structure of
the GI tract. The luminal electrophysiological neuroprofiling system consists of an endoscopic device
and series of biomarkers that can create high-resolution spatial maps of the electrical activity in the diges-
tive tract, aiding in the diagnosis of conditions such as GI dysmotility andweakness of themuscles involved
in swallowing. The systemmay ultimately benefit clinicians, surgeons, and patients by improving diagnostic
precision and tailoring treatment plans for individuals with GI disorders.
SUMMARY
Gastrointestinal (GI) neuromuscular diseases can be challenging to diagnose due to inadequate profiling
technologies that are unable to pinpoint underlying pathology. We introduce a luminal electrophysiological
neuroprofiling system (LENS). This tool uses high-resolution electromyographic data to capture motility of
the GI tract, grade neurogenic deficiencies over time, and elucidate motility patterns. Through the develop-
ment of analytical metrics, we determine ‘‘neuroprofiles’’ for various enteric neuropathies in models of dys-
motility, sphincter dysfunction, and aganglionosis. The LENS differentiates between aganglionic and gangli-
onic regions based on the contractile rate (p < 0.0001) and root-mean-square amplitude (p < 0.0001). In mice
with hypomotility, metrics like area under the curve and peak height of the Fourier transformation of the elec-
trophysiological signal in the frequency ranges of 0–20 and 115–135 Hz were significant differentiators, with
up to 89% accuracy of classification between pathologic and normal motility. Such a platform can enable
realization of specific diagnoses and quantify their severity.
INTRODUCTION

Toward diagnostic specificity among GINMDs
Gastrointestinal (GI) neuromuscular diseases (GINMDs) encom-

pass a heterogeneous set of debilitating motor and sensory dis-

orders, posing a socioeconomic burden that exceeds fifty billion

dollars annually.1 Etiopathology involves dysfunction in one or a

combination of the enteric neurons, glial cells, interstitial cells of

Cajal, smooth muscle, or autonomic signaling mechanisms,

either along the entire GI tract or in a specific region. Due

to the frequent overlap of clinical symptoms (abdominal disten-

tion, bloating, nausea, vomiting, early satiety, and constipation)

among different etiologies, specificity in pathophysiologic diag-
Device 2, 100400, J
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nosis can be challenging.2 Thus, despite several well-defined

GINMDs, such as esophageal achalasia, gastroparesis, and

Hirschsprung disease,3 over 50% of cases are categorized as

‘‘idiopathic’’ or ‘‘functional’’ diseases and treated generically

to alleviate symptoms.1,2,4 The ability to differentiate between

neurogenic and myogenic pathologies, to classify based on

severity, to define anatomic localization, and to generate a

nosology of these conditions has significant diagnostic and inte-

gral therapeutic value.2

Limitations of current tools
Methods and tools used for diagnosing GINMDs are cumber-

some, pose several functional limitations, and often yield
uly 19, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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broad diagnoses that are treated through a pharmacologic

trial-and-error process.4 Histopathology can, in some cases,

reveal morphologic alterations, although full thickness tissue

samples are challenging to obtain for patients not undergoing

surgery.2 Manometry, indicative of contractile and pressuriza-

tion patterns, is indiscriminate to underlying pathology and re-

quires endoscopy.5–7 Colonic manometry is performed in chil-

dren and is purported to distinguish neuropathic and

myopathic causes but requires colonoscopy to position the

manometry catheter and is time-consuming. High-resolution

manometry provides improved, highly spatially resolved

maps of pressure with minimized motion artifact, although

its clinical utility has not significantly increased8 compared

to lower-resolution methods. Its rigid sensors are uncomfort-

able, do not conform to the GI geometry, and are less durable

than water-perfused sensors.8 Gastric emptying studies are a

useful indicator of emptying rate, although unreliable in pre-

dicting clinical response to intervention.3,5,9 Small bowel mo-

tor function is particularly challenging to diagnose as current

tools are unable to navigate through the curved and unpre-

dictable path of the small intestine.10–12 Abdominal ultraso-

nography and lactulose H2 breath test are alternative

methods,3 although their clinical utility and normative data

are yet to be defined.3

Potential utility and challenges of electrophysiology
Themyoelectric signals of eachGI organ serve as a fingerprint of

the neuromuscular physiology—corresponding to motion, neu-

roreflexivity, and pacing.13–17 While electrophysiology of the

tract has been investigated since the 1920s, it is sparsely utilized

as a clinical diagnostic.3,18 Traditional gastrography using sur-

face electrodes on the stomach has been correlated with ar-

rhythmias and gastroparesis, although it is not the standard of

care for diagnosis.19 More recently developed high-resolution

arrays are enabling body surface gastric mapping,20 with

normative values being established for the biomarkers of gastric

function.21 A few approaches have utilized 1–2 intraluminal elec-

trodes that are advanced along the tract with concurrent surgi-

cal manipulation.22,23 The development of high-resolution map-

ping and diagnostic criteria has been challenged by either the

invasive nature of laparotomies required to localize electrodes

or the low specificity and quality of data acquired from surface

or luminal recording.24–26 There exists an imminent need to

develop clinically-appropriate electrophysiology tools and

physiologically relevant metrics to functionally characterize

and establish specific criteria for the diagnosis of GINMDs. In

this study, we develop a luminal electrophysical neuroprofiling

system (LENS) and validate its usability, navigation, and mea-

surement capabilities in the esophagus and anorectal regions

of swine. Utilizing murine models of Hirschsprung disease and

neuronal nitric oxide synthase (nNOS) deficiency, we develop

a set of analytic metrics relevant for neurointestinal disorders.

We hypothesize that the LENS design will enable facile use

and passage through the GI organs and stable contact with

the lumen for recordings of electromyography. We predict that

the metrics of contractility and root-mean-squared activity will

enable differentiation between normal and diseased colonic

neuromusculature.
2 Device 2, 100400, July 19, 2024
RESULTS

A high-resolution LENS was developed with the functional re-

quirements of (1) conforming to the highly curved anatomy of

the GI tract (curvatures <0.05 cm�1) with minimized perforation

risk,10,11 (2) maintaining strong luminal contact,23,23 (3) enabling

insertion and removal without abrasion of the mucosa, (4) with-

standing deformation of the tract, and (5) recording electro-

physiology with high signal-to-noise ratios (SNRs). The LENS

manifests in three embodiments, suited for (1) straight seg-

ments of the tract, (2) curved segments of the tract, or (3) use

as an endoscopic sheath. The straight embodiment features

up to 32 contacts, spaced equally around the circumference

and length of the device, and is folded in a configuration that

prevents luminal contact on insertion. Once placed at the

desired location, an inner balloon is inflated to unfold and

hold the contacts firmly against the lumen (Figure 1A). Such a

device cannot navigate the large curvatures of the coiling seg-

ments of the small and large intestine and impinges on tissue

(Figure S1). Thus, a segmented structure was devised (Fig-

ure 1B). The length and number of segments was empirically

assessed in porcine small intestine ex vivo and optimized to

four 3.8-cm segments, each possessing a maximal distension

of 2.3 cm, commensurate with the average luminal diameter

of the small intestine of 2.2–2.5 cm.27 This embodiment can

bend around curvatures of up to K = 1.5 cm as demonstrated

in porcine small intestine ex vivo (Figure S2). The third LENS

embodiment consists of an endoscopic sleeve, enabling multi-

modal, image-guided clinical evaluation of any region acces-

sible by endoscope featuring both EMG and pressure sensors

(Figures 1C and 1D). The LENS can be inflated with air or saline

until the system’s impedance profile, at 1,000 Hz, measures

values less than 1,000 ohms, indicating the strong luminal con-

tact required for consistent electrophysiological signals

(Figure 1J).

For the catheter embodiment, a tough hydrogel adhesive,

composed of an interpenetrating network of polyacrylamide,

alginate, and chitosan, is coated on the LENS. Activating

upon contact with the mucosa, physical (topological entangle-

ment) and chemical bonds (amide reaction)28 with the mucosal

tissues enable adherence to the mucosa, which helps reduce

contact impedance, surpass motion artifacts,25,26 and enhance

the SNR of recorded signals (Figures 1D–1F and S1). The

impedance at the electrode-mucosa interface is significantly

reduced (p < 0.01, Student’s two-tailed homoscedastic t test)

when compared to a control uncoated LENS (Figures 1L and

1K). In ex vivo studies, the average impedance of electrodes

with a control device was 1.74e�05 ± 1.4e�05 ohms, whereas

coating improved the impedance to 5.81e�03 ± 5.5e�03

ohms. In vivo, the impedance was 1.24e�05 ± 3.1e�04

ohms without the adhesive gel and 7.79e�04 ± 5.1e�03

ohms with the gel. Further, due to increased adherence and

shear forces at the tissue-mucosa interface, device motion

was reduced by 10-fold. Ex vivo, 0.26 ± 0.21 N of force was

required to move the uncoated device in the orthogonal direc-

tion to tissue, while 2.415 ± 1.294 N wass required for the

coated device. In vivo, 0.22 ± 0.15 N of force was required to

move the uncoated device, while 2.51 ± 0.86 N was required



Figure 1. LENS embodiments and luminal contact

(A and G) Straight LENS for electrophysiological characterization of straight segments of the tract, such as the esophagus or regions of the distal colon, anus, and

rectum.

(B and H) Segmented LENS configuration for profiling in the curved segments of the tract, including the intestines.

(C and I) Endoscopic sleeve embodiment of the LENS.

(D) Deflated geometry of the LENS for seamless insertion and optimal expansion for electrode-mucosa contact.

(E and F) Tough hydrogel coating enabling temporary attachment to the mucosa to improve mucosal contact and minimize motion.

(J) Heatmap of impedance; the segmented balloon was inflated to 40 mL in 10-mL increments, and the impedance of the seven electrodes (1,000-Hz screen)

decreased following successful luminal contact.

(K) Magnitude of impedance in control and gel-coated devices. Impedance was scanned at 1,000 Hz.

(L) Adhesive force of the gel in ex vivo and in vivo swine esophagus with the control and gel-coated devices.

(M) Signal-to-noise ratio of EMG signals recorded on control and gel-coated LENS demonstrating significant improvements (p < 0.001, Student’s t test) with

enhanced mucosal adhesion. Scale bar in (G)–(I) represents 20 mm.
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for the coated device (Figure 1L). These measurements char-

acterize the adhesive aspect of the gel to the mucosa, sug-

gesting that natural swallows and peristaltic motions of the

tract will not cause a loss of contact or motion artifact on the

device. Further, SNR of the electrophysiology was significantly

(p < 0.0001, Student’s two-tailed homoscedastic t test)

improved with the gel-based adhesion from 9.81 ± 10.32 (con-

trol, n = 8 independent trials) to 24.61 ± 2.12 (gel, n = 8 inde-

pendent trials, Figure 1M). Following use, after dissolution of

the gel with 20 mL saline, the device can be detached from

the mucosa with a gentle tug, 0.1–0.3 N of force.

Endoscopy was performed prior to and after usage of the

LENS in the upper and lower esophagus and anorectal region.

No mucosal abrasion or irritation or residual debris from the gel

coating was observed due to LENS insertion, contact, and

removal (Figures S3A and S3B). Histological analysis revealed

no inflammation or mucosal injury (Figure S3C). All embodiments

demonstrated integrity following cyclic inflation and deflation (up

to 100 cycles), delamination testing, and repeated insertion pro-

cesses in biological tissues (n = 6 swine) with less than 10% vari-

ance in the electrode’s surface impedance. The endoscopic

sleeve embodiment was tested in the esophagus of the swine

and demonstrated efficacy in making luminal contact. Place-

ment of electrodes against key structures, such as the lower

esophageal sphincter, was able to be guided by the preceding

endoscope. The flexibility and robustness of the sleeve was

tested by flexing the endoscope tip through its full range of mo-

tion for 20 cycles. No contacts were damaged, and delamination

did not occur (Figure S4).
Esophageal and anorectal electrophysiological
characterization
Overcoming the challenges with luminal contact and inser-

tion, we assessed the capability of the LENS to measure

motility-related myoelectric activity. Following placement

through the mouth into the upper esophagus, laryngeal strok-

ing yielded reflexive swallows that were captured by sensors

distal to the upper esophageal sphincter (UES) (Figure 2A).

Simultaneous impedance planimetry corresponded with the

measured peristaltic wave. SNR was always above 3.4.

Then, a mechanical bolus was placed in the distal esoph-

agus, generating brief regurgitation and spasm in the prox-

imal esophagus. This was also captured by the electrophysi-

ological device corresponding precisely with timing and

luminal displacements (Figure 2B). We then placed the

LENS at the lower esophageal sphincter. Inflation resulted

in reflexive contraction at the sphincter. Injection of glucagon

resulted in relaxation of the sphincter that was captured elec-

trophysiologically by the suppression of muscle activity (Fig-

ure 2C). Following placement of the straight LENS in the

rectal canal, a balloon was inserted proximally and inflated,

inducing a rectal contraction. After a brief period in which

the bolus descended in the tract, a defecatory contractile

burst was observed, while the anus relaxed. These move-

ments were captured by the LENS (Figure 2D). Although

mucosal secretions pose a nominal barrier to the stabilization

and clarity of signal acquisition by a luminally positioned de-

vice, SNRs did not diminish significantly during the 30-min

recording window.
Device 2, 100400, July 19, 2024 3



A B

C D

E

F

G

H

Figure 2. Esophageal and anorectal LENS characterization

(A and B) Enveloped EMG signals from a representative (A) esophageal swallow and (B) esophageal spasm.

(C and D) Raw EMG signals from (C) LES relaxation in response to glucagon and (D) an anorectal contraction in response to inflated balloon and attempts at

evacuatory contraction.

(E) Distensibility of the esophageal-gastric junction in an animal model of GERD.

(F) Average EMG peak amplitudes during swallowing normalized to noise floor in an animal model of GERD.

(G) Comparison of distensibility and EMG amplitude demonstrates a linear relationship with correlation coefficient r = 0.72.

(H) Endoscopic view of the EGJ 4 weeks after botulinum toxin injection evinces loosening of the sphincter (inset) and reflux of gastric contents.
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LENS profiling for sphincters
Beyond its use in recording patterns of peristalsis, contraction,

and relaxation, we investigated the capability for the LENS to

provide longitudinal evaluations of muscle contractility for use

in diseases like gastrointestinal reflux disease (GERD). An animal

model of GERD was created through injections of botulinum

toxin into the four quadrants of the lower esophageal sphincter.

Weekly luminal planimetry and electrophysiology demonstrated

significant increases, over 3-fold the baseline, in distensibility of

the esophageal-gastric junction (EGJ) consistent with prior re-

ports29 (Figure 2E). The development of GERD was also evinced
4 Device 2, 100400, July 19, 2024
by the presence of gastric contents that had been refluxed into

the esophagus (Figure 2H). Using the LENS, the average peak

EMG amplitudes elicited at the EGJ during natural or reflexively

initiated swallows monotonically decreased 4-fold over the

course of 4 weeks (Figure 2F). A comparison of the distensibility

and strength of the EMG signal follows a linear trend (r2 = 0.72),

suggesting that the EMG amplitude can serve as a relevant

marker for diagnosis or gradation of the neuromuscular dysfunc-

tion at the EGJ (Figure 2G).

We next investigated the ability of the LENS to measure base-

line neuromuscular activity, indicative of components like
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innervation, reflexivity, and baseline inhibition. We performed

luminal recordings in two different murine models, developing

metrics that (1) corresponded to physiological events or traits

specific to the pathology of interest and (2) leveraged spectral

analysis to perform classification of unlabeled data. This electro-

physiological characterization was performed using a miniatur-

ized version of the LENS device (20 mm long, 2 mm wide, con-

sisting of 16 channels).

Localizing aganglionosis in Hirschsprung disease
Hirschsprung disease is a congenital disorder characterized by

the absence of ganglion cells of the myenteric and submucosal

plexuses of the terminal rectum and extending proximally for a

variable distance.30 Today, histological analysis is used to iden-

tify the transition zone (TZ) between aganglionic and normogan-

glionic bowel. However, the presence of ganglion cells does not

necessarily correlate to normal motor function, and functional

assessments are not available. As such, pull-through surgery is

often complicated by remnant aganglionic or hypoganglionic

segments that lead to persistent postoperative bowel dysfunc-

tion.31 Anatomically precise localization of the TZ would ensure

complete removal of this segment during surgery and pose sig-

nificant therapeutic value.

Electrophysiology was performed using a miniaturized probe

(described in the experimental procedures) in the distal 2.5–

3 cm of the colon of endothelin receptor B (Ednrb)-deficient

mice, an established model of Hirschsprung disease. Electrodes

were positioned proximal and distal to the TZ to record the base-

line activity for at least 20 min. The contractile rate, defined by the

number of bursts per minute of recording, and the root-mean-

square (RMS) amplitude were profiled with blinding to the location

of the electrodes. After euthanasia, the position of each electrode

wasmarked in the tissue. Staining for nestin and Tuj1, marking the

enteric ganglia, revealed the TZ and allowed for classification of

the electrodes as being in the aganglionic or ganglionic segment.

The contractile rate of the aganglionic segments (0.20 ± 0.11

bursts/minute) was significantly decreased compared to the

ganglionic segment (0.46 ± 0.13 bursts/minute) (p < 0.0001, Stu-

dent’s two-tailed heteroscedastic t test) (Figures 3B and 3D).

Similarly, the RMS amplitude of the aganglionic segments

(105.11 ± 43.8 bursts/minute) was significantly decreased

compared to the ganglionic segment (332.65 ± 97.20 bursts/

minute) (p < 0.0001, Student’s two-tailed heteroscedastic t

test) (Figures 3C and 3E). The average contractile rate and

RMS amplitude in each region were calculated on a per-trial ba-

sis and revealed an average aganglionic:ganglionic ratio of

0.37 ± 0.13 for the contractile rate and 0.28 ± 0.23 for the RMS

amplitude (Figures 3D and 3E). Periodic stimulation was per-

formed in separate trials (n = 18 trials, 10 min of recording after

1 min of stimulation each). Contractile rate was significantly

increased in the ganglionic segments compared to the agan-

glionic segments (1.4–2.3 times the aganglionic rate, p < 0.05,

Student’s two-tailed heteroscedastic t test). A representative

example is demonstrated in Figure 3F wherein electrodes 1

and 2 were in the ganglionic segment, while electrodes 3, 4,

and 5 were in the aganglionic segment.

To assess the distinctiveness of the electrophysiological

fingerprint of ganglionic and aganglionic segments, the fre-
quency spectra were evaluated through classification-based

strategies. The discrete Fourier transform (DFT) of the data

was computed with a fast Fourier transform (FFT) algorithm

and enveloped to reveal a bimodal distribution with peaks in

the 0- to 20-Hz and 115- to 135-Hz regimes. Area under the

curve (AUC) and peak height (PH) were determined for these

ranges (Figure 3G). Principal component analysis revealed that

90% and 1.03% of the variability could be accounted for by

the AUC and PH of the 0- to 20-Hz band, respectively (Figure

3H). K-means clustering was performed on these two compo-

nents, unlabeled by their classification, (Figure 3I) generating

two primary clusters centered at (1) x = 0.8731, y = 0.3010 and

(2) x = 0.9305, y = 0.3175. To evaluate the accuracy of the auton-

omous clustering against the known classification, an adjusted

Rand index was calculated. 89% of the recording locations

could be accurately classified into the ganglionic or aganglionic

segment using the AUCandPKmetrics of the frequency spectra.

Together, the data and analytical methods demonstrate that

the electrophysiological fingerprints of the ganglionic and agan-

glionic segments are significantly distinct, enabling reliable

profiling of the level of ganglionosis in the colon. In this mouse

model, this methodology enables determination of the TZ within

2 mm and could be replicated in the human colon within 0.5 cm

by the LENS.

Fingerprinting enteric neuropathy
In addition to providing spatially relevant data, electrophysiolog-

ical characterization can yield information regarding changes in

electrical activity of GI smooth muscle in an animal model of

enteric neuropathy. NO is an inhibitory neurotransmitter of non-

adrenergic, noncholinergic enteric neurons that is synthesized

from L-arginine by NOS. The null mutation of nNOS is associated

with impaired relaxation of the lower esophageal and pyloric

sphincters,32 reduced relaxation in the ileum33 and proximal co-

lon,34 and the absence of the rectoanal inhibitory reflex.35 Mice

lacking nNOS exhibit delayed gastric emptying as well as slow

transit in the colon and have been used as a model of gastropa-

resis and mild constipation.32,36,37

Luminal electrophysiology of the distal 2.5–3 cmof the colon in

wild-type (WT) and knockout (KO) nNOSmice (20 min, n = 14 an-

imals/group) revealed significant differences in the contractile

rate (WT = 0.82 ± 0.0177, KO = 0.482 ± 0.0155, p < 0.001, Stu-

dent’s two-tailed heteroscedastic t test) and RMS amplitude

(WT = 61.909 ± 24.4, KO = 38.00 ± 9.33, p < 0.0001, Student’s

two-tailed heteroscedastic t test) (Figures 4A and 4B). Addition-

ally, in response to periodic stimulation (10 Hz, 50 mA, 3 10-ms

pulses for 90 s), the RMS amplitude of the WT group was

significantly higher (WT = 154.38 ± 49.48, KO = 76.14 ±

28.74, p < 0.001, Student’s two-tailed heteroscedastic t test)

(Figure 4C).

Frequency spectra were analyzed to characterize profiles of

neuronal reflexivity, revealing significantly greater magnitudes

in the AUC and PH for each of the dominant frequency ranges

for the KO group compared to the WT group (p < 0.001, Stu-

dent’s t test, Figures 4D, 4E, and 4F). These findings are

commensurate with the underlying physiology of nNOS mice

wherein the lack of nNOS leads to a hyperresponsive baseline

condition with diminished relaxation and fewer coordinated
Device 2, 100400, July 19, 2024 5



A

B C

D E

F G

H I

Figure 3. Electrophysiological profile of

aganglionosis

(A) The rectoanal region of an Ednrb�/� mouse

stained for Tuj1 and nestin-GFP identifies the tran-

sition zone by the sharp decrease in ganglia.

(B) The contractile rate (bursts/min) of electrodes

positioned in the ganglionic region (1–4) was

significantly higher than that in the aganglionic re-

gion (5–8) (p < 0.0001, Student’s two-tailed hetero-

scedastic t test).

(C) The RMS amplitude of the EMGwas significantly

higher in each ganglionic electrode position (1–3)

than each aganglionic electrode position (4–8)

(p < 0.0001, Student’s two-tailed heteroscedastic

t test).

(D and E) Heatmap and bar chart of the ratio of

contractile rate (D) and RMS (E) demonstrate the

longitudinal point of differentiation and ratio of am-

plitudes for each animal.

(F) The average contractile rate was significantly

greater during stimulation compared to baseline in

the ganglionic region when compared to the agan-

glionic region (p < 0.0001, Student’s two-tailed

heteroscedastic t test).

(G) Fourier transformation of the signals demon-

strates a heightened signal in the ganglionic regions

(black) compared to the aganglionic segments (red).

(H) Area under curve and peak heights under the

frequency ranges of 0–20 and 115–135 Hz for the

WT and KO groups. Orange and green dots repre-

sent data from the aganglionic and ganglionic seg-

ments, respectively.

(I) K-means clusters demonstrate two separate re-

gions with 89% accuracy of classification.
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contractions. Principal components analysis of the AUC and PH

for each frequency range revealed that the AUC 0–20 Hz and PH

0–20 Hz comprised 91.5% and 8.1% of the variability in the data.

K-means clustering of the unlabeled data generated two

main clusters (centroid: [1] x = 0.009, y = 0.019; [2] x = 0.07,
6 Device 2, 100400, July 19, 2024
y = 0.068) resulting in 97% accuracy of

classification per the adjusted Rand index

(0.03) (Figure 4G).

Together, these data suggest that the

electrophysiological fingerprints of WT and

KO mice are significantly different. Given

the logical mapping of electrophysiological

metrics to physiological parameters of this

pathology, with normalization and further

development, such metrics can be used to

define the regional impact and stage the

severity of the condition.

DISCUSSION

Here, we report an electrophysiological

tool apt for the anatomical properties of

the GI tract and demonstrate the feasibility

of the LENS in acquiring stable, luminal

electrophysiology in the esophagus and
rectum. This tool fundamentally overcomes limitations and chal-

lenges of prior methods that involved precarious attachment and

stabilization challenges for one or two electrodes.22 By covering

a surface area of �20 cm with 32 electrodes, the LENS enables

spatially mapped electrophysiology as well as localizations of
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Figure 4. Time domain and frequency spectra profiles for the nNOS model of neuropathy

(A) Contractile rate, the number of bursts per minute, is significantly higher (p < 0.001) in WT nNOS mice compared to KO mice.

(B) RMS amplitude of myoelectric activity is significantly higher in WT mice (p < 0.0001) compared to KO mice.

(C) With periodic stimulation, the RMS amplitude of WT mice is significantly greater than the KO mice (p < 0.001).

(D) Frequency spectra of the myoelectric activity from the WT (red) and KO (black) groups.

(E) Magnitude of the AUC in each frequency band for WT (blue) and KO (orange) mice.

(F) Magnitude of the PH in each frequency band for WT (blue) and KO (orange) mice.

(G) K-means clusters demonstrate two separate regions with 97% accuracy of classification.
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lesions with sub-centimeter accuracy. The analytical methods

employed here demonstrate new biomarker metrics that can

accurately distinguish between ganglionic/aganglionic seg-

ments and parametrize neuropathies—providing a basis for clin-

ical diagnostic use of such an electrophysiological tool. In future

studies, a greater volume of data as well as testing in other

GINMD models will enable the further validation of these bio-

markers and development of additional metrics to enable quan-

titative grading and diagnosis.

For various neuropathic gastrointestinal diseases, current

pharmacology is delivered systemically due to a lack of knowl-

edge regarding localized targets. With the LENS, localization of

focal areas could enable targeted application of therapeutics

such as anesthetics, pro-motility, microbiota, and anti-inflam-

matory agents. For example, profiling of the small intestine

would yield basic insights on disease pathophysiology that can

drive the development of new therapies, especially in diseases

like irritable bowel syndrome where neural disease is implicated

but weakly understood. Additionally, chronic constipation is a

large problem for which diagnosis involves a complex, multi-

step diagnostic pathway38 and often leads to nonspecific ther-

apy, given the limitations of current measurement modalities.

An electrophysiological profile could help better elucidate the

etiology and enable faster determination of the optimal therapy.
While electromyography has been exiguously utilized for de-

cades, the need for simple and physiologically relevant met-

rics has been emphasized by the clinical community. Such

metrics will require a careful understanding of the physiology

alongside empirical determination of utility. Previously, me-

chanical measurements and resting membrane potentials

were not able to detect differences between WT and KO

nNOS mice,39 which primarily correspond to muscle activity.

Using the LENS, neuromuscular activity, captured by the con-

tractile rate, RMS amplitude, and metrics from the frequency

spectra were able to detect significant differences between

groups. Although the physiological relevance of these metrics

is arbitrary, they serve as a starting point to distinguish healthy

and pathological tissues. A multifactorial analysis, composed

of such metrics, stands to provide a holistic picture of a

given disease phenomenon. In the future, with further data

collection, additional analytical methods should be explored,

including large-scale regression models. This may help

discern subtle differences in the presentation of each disease

with common symptoms. While the gel coating significantly

improves signal quality, a challenge for a luminal system is

motion artifacts. The tool can be further improved to detect

motion artifacts or correlate mechanical loss of function (lack

of motion artifacts) with neural pathologies.
Device 2, 100400, July 19, 2024 7



Table 1. Key resources

Reagent or resource Source Identifier

Chemicals, peptides, and recombinant proteins

Silicone Sylgard 844

Calcium sulfate Sigma-Aldrich 255548

Alginate Sigma-Aldrich A2033

Acrylamide Sigma-Aldrich A8887

N’N-methylenebis

(acrylamide)

Sigma-Aldrich M7279

Free-radical initiator

ammonium persulfate

Sigma-Aldrich A3678

Polymerization accelerator

tetramethyl-ethylenediamine

Sigma-Aldrich T7024

Chitosan Sigma-Aldrich 448877

1-ethyl-3-(3-

dimethylaminopropyl)

carbodiimide hydrochloride

Sigma-Aldrich E1769

n-Hydroxysulfosuccinimide Sigma-Aldrich 56485

Experimental models: organisms/strains

Female Yorkshire swine Cummings

Veterinary School

at Tufts University

N/A

Mice, male and female Jackson Labs B6.129S7-

Ednrbtm1Ywa/

FrykJ

B6.129S4-

Nos1tm1Plh/J

Software and algorithms

MATLAB 2021b Mathworks N/A

ImageJ 2021 NIH N/A

Other

Flexible PCBs PCBway custom

EndoFlip dilation

catheter

Medtronic ES-330

Gastroscope Pentax EG-3470K
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The insertion of the probe in the lumen may have mechanically

activated mechanosensors in the wall of the tract (sensory neu-

rons, enteric plexus cell bodies, and smooth muscle cells) lead-

ing to changes in motility. The LENS incorporates this mechano-

sensory influence in its profile of healthy and pathologic tissues.

With the development of robust GINMDmodels in large animals,

the specific contribution of luminal distention to the changes in

motility could be further isolated from the pathology.

Future work should increase the spatial resolution of the de-

vice and obtain larger datasets to perform computational ana-

lyses. Testing in animal models with chronic gastrointestinal dis-

eases of neural origin would also provide a more robust dataset

from which to glean diagnostic metrics. Following further safety

and efficacy developments, the LENS would acquire data from

individuals, whether healthy or experiencing disease, to deter-

mine metrics and values for the specific diagnoses of GINMDs

correlated with their subject-specific reports. This tool lays the

foundation for both basic scientific insight as well as clinically

relevant diagnostics.
8 Device 2, 100400, July 19, 2024
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Resource availability

Lead contact

Further information and requests for resources should be directed to and will

be fulfilled by the lead contact, Shriya Srinivasan (shriyas@mit.edu).

Materials availability

This study did not generate new unique reagents. See Table 1 for details on the

materials used.

Data and code availability

d All data are presented within this paper. This paper does not report orig-

inal code.

d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request

Method details

Fabrication of LENS balloon

Flexible PCBs were custom-designed (Altium Designer software) and -manu-

factured flexPCB (PCBway) on flexible polyimide substrates with copper con-

tacts, as shown in Figure S4. Four electrosensitive strips were placed on a

balloon catheter at 0.5-cm intervals longitudinally using biocompatible cyano-

acrylate. Each PCB board contained eight equally spaced electrode pads and

was connected to an 8G cable containing eight 32G wires. The pointed tip of

the PCB boards and the three holes printed near the tip allowed for better

adherence and lower delamination risk upon insertion. These flexible PCBs

were adhered to an EndoFlip balloon (Medtronic) with medical-grade cyano-

acrylate to enable concurrent detection of impedance planimetry and

electrophysiology.

Fabrication of LENS sleeve embodiment

A sleeve was fabricated from thermoformed polyurethane, custom sized to a

gastroscope (EG- 3470K Gastroscope, Pentax) to which electro- and mecha-

nosensitive flexible PCBs were attached using medical-grade cyanoacrylate.

A thin layer of silicone (Sylguard 844) (<0.5 mm) was brushed on top to lami-

nate the PCBs to the surface and prevent detachment during use. The elec-

trode contacts were uncovered.

Formulation of the adhesive hydrogel

Ionic cross-linker calcium sulfate (CaSO2, 255548), alginate (A2033), acryl-

amide (AAm, A8887), covalent cross-linker N,N0-methylenebis(acrylamide)

(MBAA, M7279), free-radical initiator ammonium persulfate (APS, A3678),

polymerization accelerator tetramethyl-ethylenediamine (TEMED, T7024),

bridging polymer chitosan of medium molecular (448877), the coupling re-

agents, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC,

E1769), and n-hydroxysulfosuccinimide (sulfo-NHS, 56485) were purchased

from Sigma. Milli-Q (18.3 MU) water was used in all experiments.

The fabrication process consisted of 2 steps: (1) the synthesis of dissipative

matrix alginate-polyacrylamide (Alg-PAAm) tough hydrogel and (2) adhesive

layer coating. The Alg-PAAm tough hydrogel was prepared following a modi-

fied protocol based on a previously reported protocol. In brief, sodium alginate

powder and AAm were first dissolved in distilled water at 2 wt % and 12 wt %,

respectively, and stirred overnight until a clean solutionwas obtained. After de-

gassing, this prepared pre-gel solution of 10mLwas thenmixedwith 36 mL of 2

wt % MBAA and 8 mL of TEMED in one syringe (20 mL); 226 mL of 0.27 M APS

and 191 mL of 0.75MCaSO4 slurrieswere injected into another syringe (20mL).

All bubbles were removed before further cross-linking. After connecting two

female Leur adapters (Cole-Parmer), solutions in the two syringes were mixed

by pushing the syringe pistons forward and backward 10 times. The mixture

was stored inside a closed glass mold at room temperature overnight to allow

complete polymerization. After that, hydrogel discs were punched out and

adhered to PI film of the flexible PCB on the balloon catheter using biocompat-

ible superglue.

During use, the hydrogel disc surfaces were treated with the bridging poly-

mer and coupling agents for a carbodiimide coupling reaction. The bridging

polymer chitosan was dissolved into distilled water at 2.0 wt %, and the pH

was adjusted to 5.5–6 by acetic acid. EDC and NHSwere used as the coupling

reagents. The final concentration of EDC and NHSwas 12mg/mL. Themixture

of the bridging polymer and coupling reagents was applied to the surface of

the tough hydrogel prior to insertion into the GI tract.

mailto:shriyas@mit.edu
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Testing of impedance vs. bending

As the LENS is expected to experience repeated bending during insertion into

the target organ and measurement, the durability was tested through a cyclic

loading test. Electrode impedance at varying frequencies wasmeasured using

the Intan Technologies system prior to and after 1 million cycles of 40% strain

imparted at 1 Hz (Instron Bluehill).

Determination of luminal contact

In the balloon catheter embodiment, the level of inflation necessary tomaintain

stable contact with the lumen was tested using a phased inflation assessment.

Briefly, the catheter was inflated with sterile saline in 10-mL increments and

allowed to redistribute and stabilize for 2 min prior to recording the imped-

ances (1,000 Hz) on each electrode and overall balloon pressure (Endoflip,

Medtronic).

Optimizing curvature

A 20-cm-long, 20-mm diameter balloon catheter was segmented using cylin-

drical thermoplastic polyurethane strips at equal distances to create 2–5 indi-

vidual segments. 5-foot-long segments of small intestinal and colonic tissue

along with their respective mesenteric membranes were harvested from York-

shire swine and preserved on ice in their original configuration, with care to

ensure that the curvature and dimensions were unaltered. The radii of curva-

ture were measured prior to and after insertion of a standard balloon catheter

or segmented catheter. The number of segments, inflation level, and rigidity of

the polyurethane cross-sections were optimized to enable the insertion and

sliding of the LENS with minimal changes to natural tissue curvature and

distention.

Characterization of the properties conferred by the adhesive gel

A coated and uncoated (control) device was placed in an esophagus of a

swine, and impedance of the electrodes wasmeasured using the Intan proces-

sor (Intan Technologies) at 1,000 Hz. This was repeated for balloon inflation

volumes of 5, 10, 20, and 30 mL.

To measure the capability of the adhesive gel to prevent motion, the force

required tomove the device through the esophaguswasmeasured (Figure S6).

A Shimpo FGV-XY digital force gauge was attached to the device, and the

esophagus was pulled from the device at a constant rate. Measurements dur-

ing the initial phase of acceleration were discarded.

In vivo validation

The feasibility of the electrodes to make luminal contact, record key neuro-

muscular events, and be adaptable to various organs was tested using various

GI segments of Yorkshire swine (50–83 kg, n = 5). Electrophysiological record-

ings were carried out on an RHS Stimulation/Recording System (Intan Tech-

nologies) at 30-kHz sampling frequency. All large animal in vivo procedures

were performed in swine under the approval of the Committee on Animal

Care at the Massachusetts Institute of Technology (MIT). All small animal pro-

cedures were performed under the approval of the IACUC of the Massachu-

setts General Hospital (MGH, #2009N000239).

Female Yorkshire swine from Cummings Veterinary School at Tufts Univer-

sity (Grafton, MA) were anesthetized with an intramuscular injection of dexme-

detomidine (0.03mg/kg) andmidazolam (0.25mg/kg) and intubated andmain-

tained on 2%–3% isoflurane in oxygen.

Esophagus

The balloon and sleeve embodiments of the LENSwere validated against func-

tional lumen imaging (Endoflip, Medtronic) on n = 3 swine. Electrical activity on

all sensors was recorded during insertion through an overtube placed in the

mouth at the UES, proximal esophagus, distal esophagus, and the lower

esophageal sphincter (LES). Swallowing activity (natural or reflex-induced)

was captured along with tightening of the LES in response to inflation of the

balloon catheter after placement. Glucagon (10 units) was intramuscularly in-

jected into the LES using a Carr-Locke needle to induce and capture relaxa-

tion. Luminal pressure and stability of contact were assayed throughout the re-

cordings through endoscopic inspection and impedance measurements.

Rectoanal region

Following a 50-mL saline enema, and the inspection of a clean colon, the

straight balloon embodiment of the device was inserted up to 25 cm into

the rectum. Balloon pressures in relation to inflation were characterized at

the anal sphincter. A custom tool to simulate fecal pressure was created

and placed in the rectum to induce rectal distension and trigger the rectoanal

inhibitory reflex in n = 2 swine.
Disease models

We selected two models of intestinal neurogenic disease to demonstrate the

utility of spatiotemporal electrophysiology in characterizing physiological

characteristics of the organ. (1) nNOS-deficient mice lack nNOS-mediated

relaxation in smooth muscle of the GI tract and exhibit delayed gastric

emptying and slow transit in the colon. (2) Mice lacking endothelin receptor

type B (Ednrb) are a widely used animal model of Hirschsprung disease in

which the distalmost segment of colon lacks ENS. The Ednrb mice were

crossed with nestin-GFP mice to obtain nestin-GFP; Ednrb-null mice in which

enteric glial cells express GFP per Stavely 2021.40

Mice of either sex and their WT control littermates (Jackson Laboratory,

Maine, USA) were anesthetized using 1%–5% isoflurane.

Following anal dilation, an enema was performed using 2–4 mL of saline.

Four to six evenly spaced bipolar electrodes situated on a custom probe (Om-

netics) were inserted into the distal colon, and electrical activity was recorded

for at least 20 min, Figure S4. A subset was stimulated at 500 or 1,500 mA at 1

and 30 Hz. Upon euthanasia, a laparotomy was performed, and the tissue was

inspected for perforation and correct placement of the electrodes (Figure S7).

The colon was stained using India ink to mark the most proximal electrode and

harvested. Tissuewas stained against Tuj1 and nestin-GFP to assess the pres-

ence of ganglionic innervation and to identify the TZ in Ednrb mice (Hirsch-

sprung model).

Serosal recordings were also acquired to eliminate potentially interfering

factors associated with luminal placement, including the presence of fecal

matter, perforation in the tract, and incomplete evacuation of the enema. In

Ednrb mice, a laparotomy was performed after the recordings to mark the

placement of the electrodes and to distinguish which ones were placed in

ganglionic and aganglionic segments to enable identification of the TZ.
Analysis

Data were exported and processed in MATLAB. Data were bandpass and

notch filtered (60 Hz) to remove low-frequency motion artifacts, breathing ar-

tifacts, and white noise. The data were further rectified and adjusted based on

the baseline of the mean rectified signal. The rectified data were smoothed us-

ing a 3,000-sample moving window.

Metrics

The RMS amplitude of the data, x, was calculated across time, N, using the

following equation:

xRMS =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
n = 1

jxnj2
vuut ; (Equation 1)

The contractile rate was defined by the number of peaks occurring per unit

time. A dormant section of data was manually selected to represent a baseline

resting condition. The mean value of these data was designated to be the

baseline resting amplitude. Peaks were defined as clusters of spikes at least

1.5 times greater than the baseline resting amplitude and at least 10 ms

from the nearest neighbor to prevent double-counting the same spike.

For frequency analysis, data were bandpass filtered between 0.01 and

150 Hz using a second-order Butterworth filter. The DFT of the data was

computed using MATLAB’s FFT algorithm and enveloped using a 30-sample

moving window. Based on clustering analysis, the two most prominent fre-

quency ranges were selected to be 0–20 Hz and 115–135 Hz. The PH and

AUC were determined. This was performed for each channel of data recorded

from every mouse in each group. A two-tailed heteroscedastic Student’s t test

was used to evaluate hypotheses related to the physiological parameters of

each group.

In addition to significance testing based on a priori designations of the (1)

nNOSmice intoWT or KO categories or (2) electrode placement in a ganglionic

or aganglionic region, data were combined and assessed using blinded

models. Following the FFT, the PHs in each range and areas under the curve

were combined from both WT and KO mice into one large dataset. A principal

component analysis was performed to determine the twomost influential com-

ponents. The two largest components were then plotted against each other for

all data. K-means clustering was performed and converged consistently within

4 iterations. The adjusted Rand index was calculated to assess the degree of
Device 2, 100400, July 19, 2024 9
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association between the partition determined by the K-means clustering. In

this case, a Rand index of 0 indicates that the clustering accurately differenti-

ated between the two conditions, while a score of 1 would indicate poor clus-

tering or differentiability in the dataset between clusters.41

Statistical comparisons were performed using a Student’s two-tailed t test

after validating normality of the data, unless otherwise indicated.

SUPPLEMENTAL INFORMATION

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

device.2024.100400.
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