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Abstract

Background and Aim—This study aimed to analyze the mechanical properties of the
esophagus in eosinophilic esophagitis (EoE) using the functional luminal imaging probe
(EndoFLIP®, Crospon Medical Devices, Galway, Ireland).

Methods—35 EoE patients (24M, 23-67y) and 15 controls (6M, 21-68y) were included. Subjects
were evaluated during endoscopy with the EndoFLIP® probe comprised of a compliant cylindrical
bag (maximal diameter 25mm) with 16 impedance planimetry segments. Stepwise bag distensions
from 2 to 40mL were conducted and the associated intra-bag pressure and intra-luminal geometry

were analyzed.

Results—The EndoFLIP® clearly displayed the tubular esophageal geometry and detected
esophageal narrowing and localized strictures. Stepwise distension progressively opened the
esophageal lumen until a distension plateau was reached such that the narrowest cross-sectional
area (CSA) of the esophagus maximized despite further increases in intra-bag pressure. The
esophageal distensibility (CSA vs. pressure) was reduced in EoE patients (p=0.02) with the
distension plateau of EOE patients substantially lower than that of controls (median CSA 267 vs.
438 mm2, p<0.01). Neither mucosal eosinophil count, age, gender, nor current PP treatment
predicted this limiting caliber of the esophagus (p=0.20).

Conclusion—Esophageal distensibility, defined by the change in the narrowest measurable CSA
within the distal esophagus vs. intra-luminal pressure, was significantly reduced in EoE patients
compared to controls. Measuring esophageal distensibility may be an important adjunct to the
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management of EOE as it is capable of providing an objective means to measure the outcome of
medical or dilation therapy.
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Introduction

Eosinophilic esophagitis (EOE) is a disease of increasing prevalence possibly related to a
higher incidence of allergic diseases and greater awareness in specific patient populations.
1-3 patients present with a spectrum of esophageal symptoms; however, the dominant
symptoms in adults are dysphagia, food impaction and, less commonly, chest pain.* EoE
pathogenesis entails an allergic immune response that involves T cell mediated
hypersensitivity leading to eosinophil activation and the consequences of this cytokine
cascade.® Thus, the main diagnostic feature and marker of EoE is eosinophilic infiltration of
the esophageal epithelium.

Although much of the emphasis on studying the pathogenesis of EoE is focused on
delineating the causal antigens and the reactive cascade of cytokine mediators induced by
this interaction, an important role of tissue remodeling and fibrosis has been described.>
Studies of eosinophilic mediated tissue remodeling and its effect on mechanical properties
of the esophagus have been limited. This is partly due to the lack of a validated outcome
measure that is an objective representation of the end-result of tissue remodeling and
fibrosis. To date, studies have relied on radiographic and endoscopic surrogates to
qualitatively assess degree of fibrosis and compliance of the esophagus.6=° Unfortunately,
these tools are subject to significant observer variability and they lack the ability to test
distensile properties of the esophageal wall as the pressure-geometry relationship of the
esophageal lumen cannot be measured.

Recently, our group has assessed the feasibility of a new technique that uses high-resolution
impedance planimetry to investigate the pressure-geometry relationship of the
esophagogastric junction (EGJ) in both gastroesophageal reflux disease (GERD) and post-
fundoplication patients with encouraging results suggesting increased EGJ distensibility as a
potentially causal abnormality in GERD and reduced distensibility after fundoplication.10:11
The device provides a measure of cross-sectional area (CSA) at detection sites extending
over a 6.4 - 12 cm axial length while measuring intra-luminal pressure during controlled
volume distensions of a infinitely compliant bag that can be also positioned within the
lumen of the tubular esophagus. Hence, we hypothesized that this tool can be leveraged to
study the distensile properties of the esophageal wall in EoE patients to provide an objective
outcome measure of tissue remodeling and fibrosis. Thus, the goal of this study was to
measure and compare esophageal distensibility in EoE patients and asymptomatic controls.
We also sought to determine whether esophageal distensibility was correlated with the
degree of eosinophilic infiltration or characteristic endoscopic features associated with EoE.

Materials and Methods

Subjects

15 control subjects (6M, 21 - 68 y) and 33 patients with EoE (22 M, 19 — 67 y) were studied.
The control subjects were recruited from a pool of asymptomatic volunteers with no
gastrointestinal symptoms, prior gastrointestinal surgery, or current use of medications
known to affect gastrointestinal function. The patients were recruited from the
Gastroenterology Clinic at Northwestern Memorial Faculty Foundation based on previous
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clinical documentation of esophageal symptoms suggestive of EoE and current endoscopic
biopsies with histopathology confirming EoE (>15 eos/hpf; magnification 0.196 mm?).12
Patient subjects were also stratified by PPI status to analyze the potential effect of acid
suppression on eosinophilic esophigitis activity and distensibility. None of the subjects had a
history of prior gastrointestinal surgery or significant medical disease. All subjects gave
written informed consent. The study protocol was approved by the Northwestern University
Institutional Review Board.

Functional Luminal Imaging Probe (EndoFLIP®) System

Esophageal body and EGJ distensibility were measured using a commercially developed
functional luminal imaging probe (EndoFLIP®), based on the concepts described
previously.13 In brief, the EndoFLIP® utilizes impedance planimetry to determine multiple
adjacent cross-sectional areas (CSASs) within a cylindrical bag placed in a tubular organ
during volumetric distension. The additional measure of the corresponding intra-bag
pressure during distension allows assessment of the CSA-pressure response (distensibility)
of the distended area.

The EndoFLIP® assembly was 240 cm long with a 3-mm outer diameter. An infinitely
compliant bag (up to a volume limit of 40 mL) mounted on the distal 14 cm of the probe was
fabricated to assume a 10-cm long cylindrical shape between tapering ends sealed at the
assembly. The minimal-to-maximal range of CSA measureable by the device was 10 — 491
mm?2. An 8-cm segment within the bag comprised of seventeen ring electrodes spaced 5-mm
apart was designed for impedance planimetry measurement. Excitation electrodes situated
proximal and distal to these seventeen ring electrodes established a constant small electrical
current within the bag. Thus, as the bag was filled with a specially formulated conductive
solution, the impedance between each of the sixteen adjacent pairs of ring electrodes was
inversely proportional to the CSA of the bag at that locus. The probe also contained a solid-
state pressure transducer that provided measurements of distensile pressure.

Measurements from the sixteen electrode pairs and pressure transducers were sampled at 10
Hz with the data acquisition system and transmitted to the recording unit which displayed
them in real time as an 8-cm long cylinder of varying diameter along its length reflective of
the 16 measured intra-luminal diameters. Both the probe and the pressure transducers were
pre-calibrated by the manufacturer and required no additional calibration prior to use (CSA
resolution 0.8 mm2, accuracy +0.8 mm?; intra-bag pressure resolution 0.1 mm Hg, accuracy
+0.8 mm Hg). The only required preparation prior to use of the disposable probe assembly
was to remove all air using an automated purge sequence controlled by the recording unit.
Subsequent establishment of pressure baseline and infusion of the conductive solution into
the balloon were controlled using the touch-screen on the recording unit.

Subjects underwent esophagogastroduodenoscopy (EGD) in the left lateral decubitus
position to evaluate for EoE findings (rings, furrows, exudates, stricture), anatomical
landmarks (EGJ location) and to help place the EndoFLIP® across the EGJ for distensibility
measurements. A diagnostic gastroscope of 9.9 mm outer diameter was used (Olympus®
GIF type H180J, Olympus Corporation, Tokyo, Japan). Moderate sedation with 5-13 mg
midazolam and 20-220 pg fentanyl was administered during the procedure. Still images
taken during endoscopy were graded for EoE structural features by two blinded investigators
(IH, JEP). The rings were defined as circumferential mucosal plications that persist during
maximal insufflation oriented in the perpendicular plane, furrows as an indentation or a
groove in the mucosa that was oriented parallel to the endoscope and strictures as a fixed
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abnormal narrowing over a focal length of the esophagus. Exudates were defined as white
plaques or punctate lesions adhering to the esophageal mucosa.

EndoFLIP® Protocol

The schematic of the protocol is shown in Figure 1. At the end of the endoscopy, the
EndoFLIP® was placed trans-orally until the center of the bag was positioned at the level of
the SCJ measurement made during endoscopy. We have shown previously, that the
EndoFLIP® bag assumes an hourglass shape when distended straddling the EGJ with the
central constriction at the diaphragmatic hiatus.1! If the EGJ could not be confidently
localized, the endoscope was reintroduced to confirm its position. The EndoFLIP®
measures of EGJ CSAs and the corresponding distension pressure were made with the bag
filled to 20 and 30 mL, volumes previously shown to optimally measure EGJ distensibility.
111n instances that measurements were interrupted by esophageal peristalsis, they were
repeated. EndoFLIP® measurements were monitored in real-time to assure proper bag
placement using the display of CSAs on the recording unit. If bag migration was detected,
the bag was repositioned and the measurement repeated. After completing the EGJ
measures, the EndoFLIP® bag was deflated and repositioned into the esophageal body by
withdrawing the bag to a position such that the distal aspect of the recording segment was 3
cm proximal to the EGJ. This position provided a measurement of the esophageal body that
extended to 11cm above the EGJ and could overlap with the initial EGJ measures. The
CSAs along the esophageal lumen were measured with 2-mL stepwise distension starting
with a bag volume of 2 mL up to a maximum of 40 mL. To prevent undo dilation of a stiff
or poorly compliant esophagus, the recording unit was set to halt infusion and display an
alarm message if the intra-bag pressure exceeded 60 mm Hg before proceeding further with
the distension protocol.

The EndoFLIP® bag was deflated and removed to facilitate completion of the endoscopy
biopsy protocol. At least four mucosal biopsies were taken from the distal (3-5 cm from the

squamocolumnar junction) and proximal esophagus (10 cm proximal to the distal biopsies).
12

Data Analysis

EGJ and esophageal body CSAs and intra-bag pressures were assessed at each EndoFLIP®
bag volume by quantifying the 50t percentile of each measure during each test 30-s
recording.

EGJ and esophageal body distensibility (CSA vs. pressure) were based on the narrowest
CSA and the corresponding intra-bag pressure. In the absence of any focal narrowing in the
esophageal body detectable by the EndoFLIP®, the CSA measures from the sensors at the
center of the bag were used. The EGJ and esophageal distensibility index at each distension
volume was calculated as: (narrowest CSA in mm?2/intra-bag pressure in mm Hg). Unlike
the EGJ and esophageal distensibility measures that are restricted to a narrowed area, a bag
distended within the tubular esophagus lends itself to additional measure of esophageal
compliance. Esophageal compliance (volume vs. pressure) was estimated by summing the
fifteen frustum volumes 5-mm high between the adjacent pairs of sixteen CSAs (mL).
Esophageal compliance expressed as delta V/delta P for the entire 8-cm span of the
impedance planimetry segment, was illustrated as volume-pressure curves.

In an ex-vivo bench-top experiment using volume distensions up to 40 mL, the EndoFLIP®
bag expanded uniformly across the sixteen CSAs. The CSA vs. pressure relationship was
characterized by a sigmoid curve with minimal-to-maximal limits of 10 — 491 mm? for the
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CSA and 0 — 4.5 mm Hg for the intra-bag pressure. This confirmed infinite bag compliance
within the volume range of 0 — 40 mL.

The dynamics of the esophageal distensibility/compliance were also assessed through
regression analysis of the narrowest CSA/esophageal volume vs. intra-bag pressure data for
each individual subject. The modeling of the data was performed using a function that best
summarized the initial increase in esophageal distensibility/compliance which was followed
by a distension plateau at which the dimension of CSA narrowing/esophageal volume
remain the same despite concurrent increases in intra-bag pressure. Hence, the individual
esophageal distensibility was modeled using a one phase exponential association function
given as: narrowest CSApp = CSAnin + “distension plateau” x (1 — e (-x x DP), where
CSAnmin is the minimal detectable CSA by EndoFLIP® of 10 mm?, “distension plateau” is
the second phase of the curve where the function becomes constant (mm?), « is a rate
constant that modulates the initial phase of the curve (mm Hg1) and DP is the distension
pressure (mm Hg) (see examples in Figure 2).

Statistical Analysis

Results

Data among subjects were expressed as median values and percentiles (51 — 95t percentile).
Statistical comparisons used Wilcoxon matched pairs and Kruskal-Wallis tests with
significance set at P < .05.

The modeled esophageal distensibility and compliance curves were compared with two-way
repeated measures ANOVA with “Subject” (e.g. Controls vs. EoE patients) and “Distension
Pressure” as fixed factors, and significance set at p < 0.05. Post-hoc analysis was performed
using the Bonferroni/Dunn test with a significance level adjusted for multiple comparisons
at P <.0167.

Three different statistical models were used to assess the relationship between the distension
plateau and potential modulating variables: i) Pearson correlation (rg) for eosinophil count
and age, ii) Mann-Whitney for gender, and iii) Kruskal-Wallis test for the bivariate
relationship between the type of treatment (categorical variable) and esophageal distension
plateau (continuous variable). Significance was set at P <.05. Post-hoc analysis for the
Kruskal-Wallis test was performed using Bonferroni/Dunn test with a significance level
adjusted for multiple comparisons at P < .0083.

The predictive values of mucosal eosinophil count, age, gender and type of treatment were
tested with multivariate regression analysis using a significance level of P < 0.05.

Demographic Data

Prior to the endoscopy with the EndoFLIP® protocol, all EOE patients had previously
documented food impaction (14/33) and/or symptoms of dysphagia (32/33), chest pain
(7/33) or heartburn (2/33). Twenty EoE patients were taking a proton pump inhibitor (PPI)
and thirteen subjects were on no treatment at the time of the EndoFLIP® procedure.

The most common endoscopic features were rings (33/33) and furrows (27/33) with a
stricture present in 27% of the patients (9/33). More than one of these features was present
in 30/33 patients. Exudate was visible in more than half of the EoE group (17/33). There
were no consistent differences in endoscopic features between EoE patients subgrouped into
those taking or not taking PPI therapy (Table 1). No EoE features were present in control
subjects, although esophagitis (Los Angeles grade A) was seen in 3/15.
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The median eosinophil counts were 50 (1 — 130)/hpf for the biopsies collected from the
proximal esophagus and 47 (15 — 115)/hpf for biopsies from the distal esophagus. Likewise
as for endoscopic presentation, there were no consistent differences in eosinophil counts
between EoE patients subgrouped into those taking or not taking PPI therapy (Table 1).

The EndoFLIP® distension protocol was well tolerated. No bleeding or mucosal tears were
observed during endoscopy immediately afterward done to obtain esophageal biopsies. The
distension protocol added approximately 10-15 minutes to the procedure.

The EndoFLIP® bag assumed a tubular geometry of the esophageal lumen in controls (as
exemplified in Figure 2A), and clearly defined esophageal narrowing (Figure 2B) or
localized strictures in patients (Figure 2C) at low distension volumes. Real-time monitoring
of the EndoFLIP® measurements on the recording unit display allowed distinguishing
peristaltic contractions from fixed mechanical constriction in the esophageal body.

Distensibility of the Esophageal Body

Individual esophageal distensibility curves were characterized by an initial increase in the
dimensions of the narrowest CSA followed by a plateau phase in 12/15 control and 26/33
patient subjects (see examples in Figure 2B and C).

When modeled over a range of pressures, the esophageal diameter increased with greater
distension pressures in both control and EoE subjects (P < .0001, Figure 3A and C).
However, there was an appreciable initial diversion in the distensibility curves of the two
subject groups (P < .01) beginning at the distension pressures of 5 - 30 mm Hg and
progressively increasing with higher pressures. Hence, the overall extent of esophageal
distensibility was significantly reduced in EoE patients when compared to controls (P = .02,
Figures 3A and C). Sub-categorizing EoE patients into those taking (20/30) or not taking
(13/33) PPI therapy at the time of the study revealed no significant differences in
distensibility (P = 0.4) (Figure 3A). Likewise, there was no significant difference in
distensibility between patients with endoscopically visible rings + furrows (24/33) and those
with an additional stricture (9/33) (P = 0.8) (Figure 3C).

Distensibility differences were for the most part modulated by the narrowest CSA which
increased progressively with distending volumes in both subject groups (p < 0.01), albeit to
a significantly lesser degree in the EoE patients (P = .02), while the corresponding rise in
pressure was similar between groups (P > .05). The distension plateau parameter of the one
phase exponential association model (Table 2) also corroborated the data in Figure 3A and
C. Although variability in the distension plateau parameter was observed in both groups,
24/33 (73 %) EOE patients exhibited a distension plateau of < 300 mm?2, while 10/15 (67 %)
control subjects had a distension plateau > 400 mm2.

The esophageal compliance curves (pressure vs. volume) also showed an initial increase
with distension pressure before reaching a plateau (P < .01, Figure 3B and D). The distinct
initial trajectory difference between the esophageal volumes for control and EoE subjects
over the distension pressures of 5 - 20 mm Hg accounted for the overall significant
difference between the subject groups (P = .02), despite merging of the curves at distension
pressures of 25 — 40 mm Hg. The difference in the compliance curves along the pressure
range of 5 to 20 mm Hg between EoE patients and controls is indicative of a difference in
the compliant property of the esophageal wall (Phase 1) before the restrictive diameter
associated with the distensibility plateau is reached. There were no differences in esophageal
compliance between the EoE subgroups based on PPI treatment (P = 0.80) or endoscopic
features (P = 0.70) in either the low or higher pressure range (Figure 3B and D).
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Distensibility of the EGJ

The EndoFLIP® bag assumed an hourglass shape when distended straddling the EGJ with
the central constriction at the diaphragmatic hiatus in both control and EoE subjects. The
hiatal CSA, depicted as the narrowest CSA at the EGJ, increased with distending volumes
(P <.02), albeit to a lesser degree in EOE patients than in controls (P = .02, Table 3).
However, the resultant intra-bag pressure was augmented similarly in both subject groups (P
=0.27, Table 3). Hence, the EGJ distensibility in EOE patients was slightly diminished
compared to that of controls. The EGJ distensibility index, calculated from data in Table 3,
was lower at the 20-mL (controls 0.9 (0.3 — 1.4) mm?2/Hg vs. EoE 0.5 (0.2 — 2.5) mm?/Hg, P
=.03) and 30-mL (controls 0.8 (0.4 - 2.8) mm?2/Hg vs. EOE 0.5 (0.1 — 2.7) mm2/Hg, P = .01)
distension volumes in EoOE patients.

Predictors of Reduced Distensibility

The esophageal distension plateau values in EOE patients had a poor correlation with
mucosal eosinophil counts from the proximal (rs = -0.10, P = .58) or distal (r; =0.01, P =.
89) biopsies. Patient age (rg = 0.23, P = 0.2), gender (P = 0.73), and PPI treatment at the
time of the EndoFLIP® protocol (P = .34) were also unrelated to the plateau measure.
Hence, multivariate regression analysis showed no predictive values for EOE patient
distension plateau of eosinophil count, age, gender or the PPI treatment (Table 4).

Discussion

This study quantified the distensile properties of the esophagus in patients with eosinophilic
esophagitis (EoE) using the EndoFLIP®, a novel device that utilizes impedance planimetry
technology. Luminal diameters of the distal esophagus along with concurrent intra-luminal
pressure were measured during stepwise distension. The major findings were that: 1)
EndoFLIP® provided technically successful measurements in all cases, 2) the esophageal
distensibility, defined by the change in the narrowest measurable CSA within the distal
esophagus as a function of intra-luminal pressure, was significantly reduced in EoE patients
compared to controls, 3) likewise, esophageal compliance, defined by the change in
esophageal volume as a function of intra-luminal pressure, was also lower in the patient
group than in controls and 4) neither eosinophil count, age, gender nor current PPI treatment
predicted the limiting caliber of the esophagus, as defined by the distension plateau.

Although the exact pathogenesis of EoOE is incompletely understood, it is by definition
associated with increased eosinophilic infiltration of the esophageal squamous epithelium.
Current understanding is that this is associated with an allergic response to environmental
antigens and most studies of EoE have focused on the pathways of eosinophil activation,
reactive cascades of cytokine mediators that lead to their activation, or inflammatory
features associated with esophageal eosinophilia.24-16 There has also been interest in
studying factors responsible for tissue remodeling and fibrosis, as these most likely define
the clinical presentation in adults which is dominated by food impaction and solid food
dysphagia. Although tissue fibrosis and remodeling can be quantified using histological
specimens to assess lamina propria fibrosis, this is typically not done in clinical practice.
EOE disease activity is usually monitored qualitatively by describing the extent of
endoscopically visible mucosal abnormalities (e.g.: rings, furrows, strictures, exudates) and
quantitatively by the eosinophil count in the mucosal biopsies at the time patients present for
clinical evaluation. Consequently, there is considerable variability in diagnostic criteria and
interpretation, and clinical presentation. 17 Given that solid food dysphagia and food
impaction are likely dependent on the opening aperture of the esophagus during bolus
transit, an attractive alternative is to measure esophageal distensibility and compliance.
Findings from this study support the contention that esophageal opening dimensions during
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distention are reduced in EOE and that this characteristic is not correlated with either the
degree of mucosal eosinophil inflitration or specific endoscopic features of EoE. Thus,
distensibility may be a useful objective measure to characterize disease severity in the
context of dysphagia and food impaction.

The pressure-volume curves in Figure 3B and D, reflective of the wall characteristics of the
entire 8-cm esophageal segment undergoing distension, showed significantly reduced
compliance among the EoE patients at low (<20 mm Hg) but not higher distension
pressures. Although this discrepancy was not specifically addressed in our protocol, there
are several possible explanations. While low pressure distension results in cylindrical
geometry and, hence, wall characteristics of the entire esophageal segment, higher pressure
distension was more likely to accentuate focal areas of restriction as evident in Figure 2C.
Note that the bag volumes and distension pressure in the control subject (Figure 2A) and the
EoE patient (Figure 2C) are similar despite there being an obvious stricture in the EoE
patient. Thus, it appears that the greater pressure/greater volume distention phase of the
study protocol is insensitive to defining regional differences in compliance. Larger
distension volumes probably also elicit contractile tone in the circular and longitudinal
muscle that would confound the compliance measurement. This variability in geometry
during distension, that appears to be common is EoE, also illustrates the limitation of using a
barostat to study esophageal compliance as the volume increase is not uniform along the
axial length of the esophagus. It also highlights the advantage of impedance planimetry in its
ability to define the focus of obstruction that mediates the symptom of dysphagia.

The phenotypic presentation of EoE is heterogeneous. Although the diagnosis and
management are currently guided by the eosinophil count within the esophageal biopsies,*
this is a patchy abnormality. The eosinophil counts between proximal and distal esophageal
biopsies vary within an individual, 12 18 and there is often a disconnect between eosinophil
count and endoscopic features of EoE.1% 20 Although the latter may be due to patchy
eosinophil infiltration, biopsy sampling errors, or gastroesophageal reflux, it is also likely
that the presentation of EOE may have distinct phenotypic expressions related to genetic
predisposition to potential antigens.2! Our results also suggest that there is substantial
heterogeneity in distensibility in EoOE patients regardless of PPI treatment or endoscopic
features (Table 2). In effect, the distensile properties were independent of the degree of
tissue eosinophilia (Table 4) and this suggests that EOE may have subtypes akin to Crohn's
disease: fibrostenotic and inflammatory.

Although our study cannot distinguish the etiology of the restriction and reduced
compliance, the results suggest that it is a fixed defect not altered by contractile function in
the esophageal body. The distension plateau represents a reliable indicator of the minimal
opening diameter of the esophagus during distention and this measurement was not altered
by increasing intra-bag pressure or contractile activity in the esophageal body. Distention of
the bag within the esophageal body can cause intermittent secondary and/or non-propagating
tertiary contractions and not controlling this pharmacologically to distinguish the active and
passive components of compliance was a limitation of this study. However, the distention
plateau was maintained between periods of active contraction or post-contractile quiescence
suggesting that the defect is related to restrictions in the passive mechanical properties of the
esophageal wall. This finding is in line with previous manometric data suggesting that
contractile activity of the circular muscle is relatively normal in EOE. 2229 Thus, it appears
that the defect is fixed at the extreme of distention, but the esophageal wall is still
collapsible and amenable to contraction.

Recent insights into the pathogenesis of EOE using intraluminal ultrasound support normal
contractile function of the circular muscle and lumen collapse during peristalsis; however,
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the function of the longitudinal muscle was suggested to be altered in EoE patients
compared to controls?3. The longitudinal muscle response to edrophonium was markedly
reduced in EoE patients and there was a clear dissociation between circular and longitudinal
muscle contraction during peristalsis. These findings were not associated with abnormal
thickening or enhancement of the esophageal musculature, and thus, we believe that the
defect in restriction of radial diameters is still likely confined to the thickened mucosa and
submucosa exhibited on high-resolution intraluminal ultrasound. Although we speculate that
the reduction in longitudinal muscle function could be related to restriction of axial mobility
from fibrosis in the mucosa and submucosa, it is also possible that the longitudinal muscle
may be altered by the cytokine cascade associated with EoE.

Our study was limited to the assessment of the distal smooth muscle esophagus; however,
EOE can affect the entire esophagus including the proximal striated muscle segment.
Considering that the sensitivity and neuromuscular control of the proximal esophagus are
different than the distal smooth muscle segment studied in this protocol, it may be possible
that different distensibility plateaus may be found in the proximally. Thus, future studies
should include measures of both proximal and distal esophageal segments.

One could argue that the current study is limited by inclusion of both EoE patients on and
off PPI therapy, as the overlap of GERD and EoE is an important diagnostic issue. The
interaction between GERD and EoE is complex and it may range from one causing the other
to coexistence of the two,30 and it remains unclear to what extent GERD-EOE patients will
respond to PPI therapy.3! Despite these important issues, our results were not confounded
by PPI status as regression analysis revealed that PP status had no bearing on esophageal
distensibility in our EOE cohort (Table 4). Once again, the esophageal distensibility in EOE
patients did not correlate with the eosinophil count noted on the day of the EndoFLIP®
procedure (Table 4); hence, esophageal distensibility may serve as an independent marker of
disease severity.

In conclusion, this experiment confirmed that the EndoFLIP®, a new commercially available
technology utilizing high-resolution impedance planimetry, is capable of evaluating
esophageal distensibility in EOE. These findings also represent the first quantification of
reduced esophageal distensibility in EoE and provide insight into the mechanical
dysfunction associated with dysphagia and impaction. EoE patients appear to have a
restriction in radial distention that is associated with preserved luminal collapse during
peristalsis. We hypothesize that measuring esophageal distensibility may be an important
adjunct to the clinical management of EoE that potentially provides a more objective
measure from which to guide medical and dilation therapy. However, future studies done
before and after therapy are required to determine whether reduced distensibility is
responsive to treatment focused on reducing inflammation and fibrosis, and whether these
changes are associated with improvement in patient reported symptom severity reported
outcomes.
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Figure 1.
Schematic of the EndoFLIP® distensibility protocol. See Materials and Methods for details.
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Figure 2.

Examples of EndoFLIP® distensions in a control subject (A), an EoE patient with a
diffusely narrowed distal esophagus (B) and an EoE patient with a dominant distal
esophageal stricture (C). In each panel on the left, esophageal distension is illustrated as a
cylinder of varying diameter corresponding to the 16 cross-sectional areas (CSAs) measured
by impedance planimetry within the EndoFLIP® bag along with the location of the
narrowest CSA (indicated by the pink dot) and corresponding intra-bag pressure. The
corresponding CSA vs. distension pressure graphs are to the right. Note that in the example
of a control subject (A) the distension plateau is not reached unlike in the examples of EoE
patients (B-C). This occurred in 20% of control subjects.
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Figure 3.

Esophageal distensibility (A & C) and compliance curves (B & D) in control subjects (blue)
and EoE patients (red). Distensibility curves were computed from the fit to the one phase
exponential association model defined by the distension plateau (Table 2) and k. EoE
patients exhibited diminished distensibility first evident in the 5-30 mm Hg pressure range
and continuing for the remainder of the curves (P =.02). Esophageal compliance curves
were significantly divergent, most evident at distension pressure 10 mmHg above which
they seeming merge at 25 - 40 mm Hg (P =.02). There were no differences in either the
distensibility or compliance curves between EoE patients subgrouped by PPI therapy at the
time of evaluation (A & B) or the presence of a stricture in addition to rings * furrows (C &
D). Data shown as medians.
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Table 1

Demographics of EoE patients grouped according to PPI therapy at the time of the EndoFLIP® procedure and
asymptomatic control subjects.

EOE patients
Control subjects (n = 15)
No PPI therapy (n =13) On PPI therapy (n = 20)

Age range (y) 19-53 28 - 67 21-68

Gender (male : female) 9:4 13:7 6:9

Esophageal eosinophila (range, eos/hpf)
Proximal esophagus 5-100 0-189 N/A
Distal esophagus 15-110 5-189 N/A

Endoscopic features (no. of subjects)
Rings + furrows + stricture/s 3 5 0

Rings + furrows 10 15 0
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Table 2

Distension plateau values of distensibility curves were computed from the averaged individual coefficients of
the one phase exponential association model. The esophageal distension plateau describes the modeled
limiting CSA despite increasing pressure.

Distension Plateau (mm?)

Control Subjects (n = 15) 438 (227 - 491)
EOE Patients (n = 33) 259 (78 - 491)*
No PPI therapy (n = 13) 226 (95 - 373)"
On PPI therapy (n = 20) 277 (80 — 491)"
Rings + furrows (n = 24) 267 (117 - 491)*
Rings + furrows + stricture (n = 9) 171 (70-387)"

Median (5th - gsth percentile);

*
P < 0.01 vs. controls
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Table 3

CSA at the diaphragmatic hiatus (narrowest EGJ CSA measured by the EndoFLIP®) and the pressure within
the EndoFLIP® bag during volume distensions. The minimal detectable CSA was about 10 mm2,

Hiatal CSA (mm?) Intra-bag Pressure (mm Hg)

EndoFLIP® bag volume (mL) Control Subjects (n =15) EoE Patients (n =33) Control Subjects (n =15) EoE Patients (n = 33)
20 15 (9-23) 13(4- 28)* 19 (13-33) 21 (7-30)

30 22 (9-62) 14 (4 - 58)" 24 (18 - 39) 29 (14 - 37)

Median (5th -gsth percentile);

*
P < 0.05 vs. controls
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Table 4

Regression analysis summary for EoE patient variables predicting the distal esophageal distension plateau
measured by the EndoFLIP®. No tested variable, including current PPI treatment, was significantly correlated
with distensibility.

Variable B coefficient! ~ P-value

Eosinophil count

Proximal esophagus -0.52 0.18
Distal esophagus 0.44 0.27
Age 0.20 0.29
Gender -0.09 0.65
Treatment at EndoFLIP® protocol 0.24 0.21

t . . . . .
measure of how predictor variable influences distension plateau
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