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Abstract

The goal of this study was to conceptualize and compute measures of “mechanical work” done by the esophagus using data
generated during functional lumen imaging probe (FLIP) panometry and compare work done during secondary peristalsis
among patients and controls. Eighty-five individuals were evaluated with a 16-cm FLIP during sedated endoscopy, including
asymptomatic controls (n = 14) and those with achalasia subtypes |, I, and Il (n = 15, each); gastroesophageal reflux disease
(GERD; n = 13); eosinophilic esophagitis (EoE; n = 9); and systemic sclerosis (SSc; n = 5). The FLIP catheter was positioned to
have its distal segment straddling the esophagogastric junction (EGJ) during stepwise distension. Two metrics of work were
assessed: “active work” (during bag volumes <40 mL where contractility generates substantial changes in lumen area) and
“work capacity” (for bag volumes > 60 mL when contractility cannot substantially alter the lumen area). Controls showed me-
dian [interquartile range (IQR)] of 7.3 (3.6—9.2) mJ of active work and 268.6 (225.2-332.3) mJ of work capacity. Patients with
all achalasia subtypes, GERD, and SSc showed lower active work done than controls (P < 0.003). Patients with achalasia sub-
types | and Il, GERD, and SSc had lower work capacity compared with controls (P < 0.001, 0.004, 0.04, and 0.001, respec-
tively). Work capacity was similar between controls and patients with achalasia type Ill and EoE. Mechanical work of the
esophagus differs between healthy controls and patient groups with achalasia, EoE, SSc, and GERD. Further studies are
needed to fully explore the utility of this approach, but these work metrics would be valuable for device design (artificial
esophagus), to measure the efficacy of peristalsis, to gauge the physiological state of the esophagus, and to comment on its
pumping effectiveness.

NEW & NOTEWORTHY Functional lumen imaging probe (FLIP) panometry assesses esophageal response to distension and pro-
vides a simultaneous assessment of pressure and dimension during contractility. This enables an objective assessment of “me-
chanical work” done by the esophagus. Eighty-five individuals were evaluated, and two work metrics were computed for each
subject. Controls showed greater values of work compared with individuals with achalasia, gastroesophageal reflux disease
(GERD), and systemic sclerosis (SSc). These values can quantify the mechanical behavior of the distal esophagus and assist in
the estimation of muscular integrity.

achalasia; eosinophilic esophagitis; gastroesophageal reflux disease; peristaltic work; scleroderma

INTRODUCTION

The esophagus is a tubular organ that functions as a con-
duit between the pharynx and the stomach. In the absence
of gravitational effects, esophageal peristalsis is key to mov-
ing fluid along the tube (1). Under certain conditions relating
to degradation of nerves or muscle layers in the esophageal
wall (achalasia or scleroderma), peristalsis is ineffective, and
bolus transport is adversely affected (2, 3). In addition to

Correspondence: N. A. Patankar (n-patankar@northwestern.edu).

Submitted 2 September 2020 / Revised 5 November 2020 / Accepted 6 November 2020

http://www.ajpgi.org

0193-1857/21 Copyright © 2021 the American Physiological Society

ineffective motility, the neural/muscular degradation can
also manifest as an outflow obstruction (OO) at the esopha-
gogastric junction (EGJ). In this scenario, the lower esopha-
geal sphincter (LES) remains closed, and food is stuck in the
esophagus. Common practice for identifying these disorders
involves using high-resolution manometry (HRM) to record
pressures observed during swallowing. With the help of the
Chicago Classification (4), achalasia-related disorders can
then be classified based on pressurization patterns observed

L))

Check for
Updates

G217

Downloaded from journals.physiology.org/journal/ajpgi (098.046.072.179) on November 7, 2022.


https://orcid.org/0000-0001-5341-1792
https://orcid.org/0000-0002-0665-3454
mailto:n-patankar@northwestern.edu
https://crossmark.crossref.org/dialog/?doi=10.1152/ajpgi.00324.2020&domain=pdf&date_stamp=2020-11-20
http://www.ajpgi.org
https://doi.org/10.1152/ajpgi.00324.2020

() QUANTIFYING PERISTALTIC WORK

during HRM, and appropriate treatment paths can be pre-
scribed. Although this approach successfully assesses pri-
mary peristalsis, there are some limitations with HRM. By
design, contraction pressure is measured by direct contact of
the esophageal wall with the sensors. This leads to reported
pressure readings significantly greater than the actual intra-
bolus pressure (5, 6). Additionally, since the only reliable
pressure that is measured is tactile in nature, the walls can
lose contact with the sensors during luminal opening (7).
Consequently, the magnitude of relaxation cannot be reli-
ably captured with the pressure readings (8). Finally, the
HRM catheter and standard test protocol assess primary
peristalsis but not secondary peristalsis, which can also
impact both dysphagia and gastroesophageal reflux disease
(GERD) (9-11).

The functional lumen imaging probe (FLIP) panometry
technique was developed to visualize peristaltic activity in
response to distension and measure associated pressure
changes (9, 12). The FLIP consists of a 16-cm-long polyur-
ethane bag mounted at the distal end of a catheter. Saline is
used to fill the bag to achieve lumen dilation. Housed on the
catheter and within the bag are several planimetry sensors
and a pressure sensor that facilitate visualization of the
cross-sectional area (CSA) of the bag within the esophagus
and measure the pressure within it. Figure 1 shows the loca-
tion of the planimetry and pressure sensor on the catheter
and the bag that surrounds them. Also shown is the most
common configuration of the device when placed within the
esophagus.

An advantage of the FLIP probe is that fluid pressure
changes are associated with changes in the lumen’s CSA as
the peristaltic wave travels over the span of the imaging seg-
ment. Because saline cannot leave the bag, no fluid transport
takes place. To assess the effectiveness of peristaltic activity,
current approaches qualitatively assess FLIP topography
plots (9, 13) and note if the EGJ is able to fully open. To aug-
ment this examination, we propose a quantitative approach
for motility analysis that utilizes the abundant pressure and
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Figure 1. FLIP catheter details and the most
common device placement configuration
within the esophagus. Close-up of the FLIP
probe/bag and internal details of the sen-
sors (A); FLIP bag placed across the EGJ
and pressure sensor is in the stomach (B;
note that external data storage and com-
puter display system is not shown). EGJ,
esophagogastric junction; FLIP, functional
lumen imaging probe.
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area data generated by the device to compute “mechanical
work” done by a contractile wave. With the help of this con-
cept, we can describe the vigor of a contractile wave by a set
of work metrics. Furthermore, we aimed to compare these
parameters of contractile work between healthy controls and
clinical cohorts of esophageal disorders: achalasia, GERD,
eosinophilic esophagitis (EoE), and systemic sclerosis (SSc).

METHODS

Subjects

The study protocol was approved by the Northwestern
University Institutional Review Board. Adult patients pre-
senting to the Esophageal Center of Northwestern for evalua-
tion of esophageal symptoms between November 2012 and
October 2018 who completed FLIP in conjunction with en-
doscopy were prospectively evaluated, and data were incor-
porated into a motility registry. The motility registry was
retrospectively interrogated to identify specific patient
cohorts for inclusion. Completion of HRM was required for
inclusion of patients with achalasia, GERD, and systemic
sclerosis but not for patients with EoE. Patients with achala-
sia were identified and subtyped (type I, IL, or III) based on
HRM interpreted according to the Chicago Classification v.
3.0 (4). Patients with “GERD” were identified by history of
presence of erosive esophagitis (Los Angeles Grade A or B)
on endoscopy or a positive ambulatory esophageal pH-metry
performed off of proton pump inhibitor therapy (percent
time pH <4 greater than 6%) but excluding patients with
GERD with hiatal hernia. Patients with EoE not being
actively treated with topical steroid or elimination diet (pro-
ton pump inhibitor, PPI use was accepted) were identified
based on eosinophilia on esophageal biopsies and endoscopic
findings of rings and/or furrows. Patients with SSc were iden-
tified based on a clinical-rheumatologic diagnosis. A cohort of
healthy volunteers without esophageal symptoms (“controls”)
were also included. In addition, two other patients diagnosed
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with EoE underwent FLIP panometry with a device prototype
that had two pressure sensors that measured both distal and
proximal pressure. Informed written consent was obtained
from all subjects, and control subjects were paid for their par-
ticipation. There is overlap between these patients and previ-
ously described cohorts (13, 14).

Study Protocol

Esophageal motility evaluations were completed after a
minimum 6-h fast. Endoscopy performed in the left-lateral
decubitus position was generally performed using conscious
sedation with midazolam and fentanyl. All of the controls
were studied using conscious sedation. Other medications,
e.g., propofol, were also used with monitored anesthesia care
at the discretion of the performing endoscopist in some
patient cases. Although these medications used for endo-
scopic sedation can alter esophageal motility, the patterns of
motility during the FLIP protocol are reproducible and have
been shown to predict motility patterns during standard ma-
nometry performed without these medications (13-16). The
16-cm FLIP (EndoFLIP EF-322N; Medtronic, Shoreview, MN)
was calibrated to atmospheric pressure before trans-oral
probe placement. With the endoscope withdrawn, the FLIP
was positioned within the esophagus such that one to three
impedance sensors were observed beyond the EGJ, with this
positioning maintained throughout the FLIP study (Fig. 1).
Stepwise 10-ml balloon distension beginning with 20 mL
and increasing to target volume of 70 mL was performed;
each stepwise distension volume was maintained for 30-
60s. Contractility on FLIP was identified as transient
decreases in the luminal diameter within the esophageal
body inthree or more adjacent impedance planimetry chan-
nels, i.e., 2cm in axial length. A pattern of repetitive ante-
grade contractions (RACs) was identified whensix or more
consecutive antegrade contractions of > 6-cm axial length
occurred at a regular rate of 6+3 contractions per minute
(17). High-resolution manometry (HRM) studies consisting
of ten 5-mL, liquid swallows in supine position were com-
pleted using a solid-state assembly with 36 circumferential
pressure sensors at 1-cm intervals (Medtronic) and inter-
preted according to the Chicago Classification v. 3.0 (4).
Ambulatory reflux monitoring was performed after with-
holding PPI therapy for at least 7days with either wireless

PH capsule (Bravo, Medtronic) or 24-h ambulatory imped-
ance-pH study with a catheter containing two antimony pH
electrodes positioned at 5cm above the EGJ and 10 cm below
the EGJ (Sandhill Scientific, Highlands Ranch, CO).

Analysis Work Done During Occluding Contractions:
Active Work

In this and the following subsections, we develop the con-
cept of work and the method of computing work to quantify
peristaltic pumping effort. Work is a transfer of useful
energy; it is defined as the product of force and its associated
displacement. In the context of the esophagus, muscles do
work to generate pressure, move the bolus, and eventually
transfer it into the stomach. Similarly, during peristaltic ac-
tivity in the FLIP at moderate bag volumes (<40 mL), the
esophagus contracts and causes the pressure to rise in the
bag. But the key difference is that unlike normal bolus trans-
port, the polyurethane bag prevents any saline from empty-
ing into the stomach. At the site of contraction, the lumen
area decreases. To accommodate the fluid that has been
forced out of the contraction site, the remainder of the bag
(and the esophageal segment) expands. For heuristic pur-
poses, we can equate these pressure changes to changes in
force, and changes in lumen area as equivalent to displace-
ment of the esophageal wall. Thus, the combination of pres-
sure and changes in lumen area can be defined as “work.”
The specific details of this combination and the mathemati-
cal model of the FLIP along with the derivation of the various
types of work can be found in (18, 19). In this work, we will
focus on understanding the combined esophageal wall and
bag dynamics during peristalsis.

A complete sequence of events is depicted in Fig. 2, in
which we plot the esophageal lumen profile as detected by
the planimetry sensors during a single peristaltic wave. The
first frame shows the esophagus before the contraction
begins. The EGJ is closed, and this is visible by three hori-
zontal black lines depicting the smallest diameter at each
instant. The onset of the peristaltic wave is visible in the sec-
ond frame. As the wave travels, fluid is pushed into the distal
part of the bag, which results in the dilatation of the esopha-
gus in this region. Dilatation of this segment continues to
increase as the wave travels distally. Once the bag reaches
the infinite compliance limit (ICL), i.e., the diameter at
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Figure 2. Image sequence showing a typical per-
istaltic wave traveling over the FLIP bag in a con-
trol subject (bag volume: 40 mL). Dilatation of the
proximal segment of the bag is observed when
fluid from the distal segment rushes back
through the contraction zone. Solid black lines
highlight the contraction. Dotted lines show the
limits of accurate diameter measurement. Green
boxes highlight sensors that span the EGJ. The
bag ends cannot be plotted, as the imaging
length is shorter than the length of the bag. EGJ,
esophagogastric junction; FLIP, functional lumen
imaging probe.
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which the FLIP bag’s mechanical properties are engaged and
resist further increase in luminal CSA (20), it cannot dilate
much further. Fluid now begins to flow back through the
contraction zone, and at this point, the contraction is essen-
tially driving fluid out of the distal segment. This is evi-
denced by the dilatation of the proximal segment of the bag
behind the contraction zone. Eventually, peristalsis is com-
plete, and the esophagus returns to its resting state with the
EGJ regaining its resting tone. From this analysis, we see
that the peristaltic wave is the reason for dilatation of the
esophagus outside of the contraction zone. Along with the
infinite compliance limit, it is also the reason for backward
flow through the contraction.

It is clear that the contraction does work to move the fluid
in the bag and to stretch the walls of the esophagus. The
motion of a fluid is accompanied by a pressure drop due to
viscous losses. So, at any given time during peristalsis, some
energy is stored in the walls of the esophagus as they are
stretched. Some work is done when the kinetic energy of the
fluid changes, and the rest is lost due to frictional forces in
the fluid (viscosity). The sum of this energy is henceforth
referred to as “active work.” The equation below summarizes
this balance:

active work = passive work + viscous losses

+ change in fluid kinetic energy (1)

As the shape of the esophagus returns to its original state
at the termination of the contraction, the amount of energy
stored in the stretched walls, i.e., the “passive work,” returns
to its base value (which can be set to zero as a reference).
From our theoretical analysis, we found that the fluid kinetic
energy changes are almost negligible. That indicates that at
the end of the contraction, the active work done is equal to
the amount of energy lost due to viscosity as a result of the
backward flow of saline through the contraction. It is this
value that we compute and compare for each individual in
our study for moderate operating volumes of the FLIP. The
variation of each of the terms in Eq. I during a contraction
will be further explained in the context of results obtained
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from an asymptomatic control in the following section (an
example is given in Fig. 3).

Approach for Computation of Active Work

For each individual, antegrade contractions occurring at
or around 40-mL bag volume were analyzed. In subjects
with irregular or absent motility, a window of readings span-
ning 10 s was chosen to reflect the approximate duration of a
normal contraction. The fluid mechanics program reads in
the planimetry and pressure data to compute the active work
done during the selected window of readings. By default, the
FLIP system provides the pressure signal at a single point
(located distally as shown in Fig. 1), and CSA is measured at
16 locations along the imaging length at a frequency of
10 Hz. To estimate the various work terms, it is vital to obtain
the fluid pressure at all locations along the imaging length.
Additionally, the velocity of the fluid in the bag is required
to compute the associated viscous losses. These unknown
quantities are computed using the aforementioned fluid-
mechanics-based FLIP model (18).

Work Capacity at Higher Operating Volumes

For high FLIP bag volumes (>60mL), the polyurethane
bag is close to fully taut at all times, and the entire bag is
close to the ICL. Hence, the contraction does not appreciably
change the CSA. As such, there is very little fluid motion
inside the bag. Peristalsis appears to be ineffective but is still
capable of significantly increasing the fluid pressure. We
hypothesize that this pressurization could indicate the maxi-
mum “work capacity” of the esophagus. To compute the per-
istaltic effort in this setting, we propose a simple metric that
is the product of the bag volume with the maximum change
in pressure brought on by the contraction. This definition is
motivated by the concept of “shaft work” commonly applied
to devices such as pumps and turbines, which have a con-
stant rate of flow through them. A similar definition was also
used to compute detrusor work and the energy needed to
empty the urinary bladder (21). For contractions occurring at
high bag volumes, as shown in Fig. 4, the first step was to

Figure 3. Left: work curves for a typical secondary peristaltic contraction in an asymptomatic control. The active work curve is the sum of the viscous, ki-
netic energy (KE) and passive work curves. Its sign simply indicates that it is on the left-hand side of £q. 1. Right: corresponding shape of the distal esoph-
agus plotted at different times to visualize the variation of lumen geometry and wall dilation during peristalsis.
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Figure 4. Variation of lumen profile for secondary peristalsis occurring at high bag volumes. This figure illustrates the lack of significant changes in the
lumen diameter due to high volume of saline in the bag. Observe how the lumen profile is close to or at the outer dotted lines indicative of the infinite
compliance limit. If information about bag volume and pressure were unknown, observing lumen area variations alone might lead one to conclude that

peristalsis was ineffective.

find the difference between the pressure at the beginning
of the contraction and the peak pressure value achieved
for the duration of wave travel. The product of this quan-
tity with the current bag volume is reported as the work
capacity.

It is important to note the physiological and device-
related factors that can affect the computed value of peri-
staltic work. Active work is primarily influenced by the
strength and speed of the contraction. From an operating
standpoint, the viscosity of the fluid in the bag has a signif-
icant effect on the work done (greater fluid viscosity would
lead to greater values of active work done). The effect of
the bag on active work is small; however, the diameter of
the catheter can have some effect on the computed value
of work. If the catheter diameter were greater, the contrac-
tion would generate higher pressure differences (as it
would be able to form a better “grip” around the catheter),
leading to greater values of active work. Passive work
almost exclusively depends on the stiffness of the distal
esophageal wall. If the stiffness were greater due to inad-
equate distension-induced relaxation or some fibrosis, the
value of passive work would be greater than normal. Work
capacity depends on the strength of the contraction alone,
and contraction speed has little effect on the bag pressure
for this region of operation.

Statistical Analysis

All the computed mechanical work values have the units
of millijoules (mJ) unless otherwise noted. These values are
expressed as the median along with interquartile ranges
(IQR). Different groups were compared using the Kruskal-
Wallis test, and pair-wise comparisons were conducted using
the Wilcoxon-Mann-Whitney rank sum test. A P value of 5%
or lower was assumed to be sufficient to indicate statistical
significance. The MATLAB Statistics toolbox was used to

AJP-Gastrointest Liver Physiol - doi:10.1152/ajpgi.00324.2020 - www.ajpgi.org

compare mechanical work values between controls and dis-
ease groups.

RESULTS

Cohort Characteristics

The demographic and esophageal motility characteristics
among the six patient cohorts are displayed in Table 1. All of
the controls had a RAC pattern of distension-induced con-
tractility on FLIP. None of the patients with achalasia had a
normal RAC pattern, though two of 15 (13%) patients with
achalasia type I, nine of 15 (60%) patients with achalasia type
IL, and 15 of 15 patients with achalasia type III had other con-
tractility observed. An RAC pattern was observed in two of
14 (14%) patients with GERD, one of eight (12%) patients with
EoE, and zero patient with SSc, whereas contractility not in
an RAC pattern was observed in 13 of 14 (93%) patients with
GERD, eight of eight patients with EoE, and three of five
(60%) patients with SSc.

Predicting Pressure Variations in the Bag During
Contractility

Using planimetry data along with pressure readings from
the distal end, the FLIP mechanical model predicts the fluid
velocity and pressure at all points along the imaging length
for each instant of the contraction. In Fig. 5, we compare the
proximal pressure predicted by our model to pressures meas-
ured at the proximal location by a FLIP prototype that was
constructed with two pressure sensors (one at each end)
instead of just one at the distal end. The figures show experi-
mentally captured distal and proximal pressure signals in
two subjects with EoE (with some observed contractility)
during an antegrade contraction. In each of the three con-
tractions, the proximal pressure sensor shows two peaks
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Table 1. Summary of cohort information

Type | Type Il Type lll GERD EoE SSc Control

n 15 15 15 13 8 5 14
Age, years, median (IQR) 48 (43-59) 43 (31-59) 59 (55-65) 48 (28-58) 40.5(31-46) 59 (37-65) 27 (23-31)
Female, n 9 7 4 7 1 3 13
HRM classification, n (%) na 2—no HRM

Type | achalasia 15 (100)

Type |l achalasia 15 (100)

Type lll achalasia 15 (100)

Absent contractility 3(60)

IEM 2 (15) 1(20)

Normal motility 1(77) 10 (77,

EGJOO 1(8)* 1(20)t 1(8)*
IRP, mmHg, median (IQR) 28 (17-39) 35 (24-46) 23 (18-40) 12 (7-13) na 12 (3-14) 12 (8-13)
Basal EGJ pressure, mmHg, median (IQR) 25 (15-39) 27 (20-36) 36 (13-39) 13 (8—-24) 18 (5-25) 16 (11-24)

In addition to median integrated relaxation pressure (IRP) 15 mmHg yielding classification of EGJOO, *patients had normal peristalsis
and tpatient had ineffective peristalsis. EOE, eosinophilic esophagitis; EGJOO, esophagogastric outflow obstruction; GERD, gastroesoph-
ageal reflux disease; HRM, high-resolution manometry; IEM, ineffective esophageal motility; IQR, interquartile range; na, not available;

SSc, systemic sclerosis.

occurring in the span of a single contraction. The first peak
occurs as the peristaltic wave passes over the proximal pres-
sure sensor. As this wave carries fluid away from the proxi-
mal segment, we notice the pressure in this region drops.
But once the distal part of the bag reaches its ICL, fluid
begins to rush back into the proximal segment. At this time,
the proximal pressure begins to increase. This “inversion”
behavior is also captured by our FLIP model, and we observe
the estimated proximal pressure curve to have two peaks as
well. It must be noted that although the first peak is captured
well by our model, there is some discrepancy in the timing
and magnitude of the second peak. This is primarily because
fluid flow through the contraction is a complex phenom-
enon. Because of high speed, the flow can be turbulent and
the geometry of the channel in the region of contraction is
extremely irregular. This irregularity is due to the folds in
the polyurethane bag and due to significant nonuniform
contact between the bag and the catheter. As these effects

cannot be captured in a reasonably detailed model, the exact
prediction of the second peak’s timing and magnitude is not
possible at this moment. However, qualitatively speaking,
capturing the dip in the proximal pressure and the emer-
gence of the second peak gives us a satisfactory estimation of
the work done by the enclosed fluid. It can be mathemati-
cally shown that assuming a constant pressure distribution
along the tube length leads to the pressure work to be zero.
Thus, using the model to estimate the proximal pressure is
vital to generate sensible predictions from FLIP data. This
key result also shows that pressure in the bag is not uniform
at each instant. Aside from pressure differences created
between the distal and proximal segments of the bag due to
a tightly closed EGJ, peristalsis itself can lead to significant
variations in pressure due to the greater pressurization of
the distal segment and the associated flow through the con-
traction. Thus, it would be necessary to house two pressure
sensors within the FLIP (one each at the proximal and distal
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Figure 5. Comparing measured proximal pressure to the proximal pressure estimated from the 1D fluid-mechanics model of the FLIP. Each example cov-
ers 15s of time. Duration of each contraction is 10 s on average. Note the presence of two peaks in the proximal pressure signal in both the observed
and estimated pressure readings. Measurements from the prototype and predictions from the FLIP 1D mathematical model both indicate that the pres-
sure in the bag during contractility is nonuniform. FLIP, functional lumen imaging probe.
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Variation of Active work across groups
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Figure 6. Active work done by the esophagus for fully occluding contrac-
tions. Units of the quantity shown on the y-axis is millijoules of energy.
Data were computed from the FLIP fluid-mechanics code for contractions
occurring at 40-mL bag volume. Outliers are marked with red plus (+)
signs. EoE, eosinophilic esophagitis; FLIP, functional lumen imaging probe;
GERD, gastroesophageal reflux disease; SSc, systemic sclerosis.

ends) instead of a single distal sensor to obtain a better
understanding of the pressure difference created due to EGJ
closure or during peristaltic contractions.

Variation of the Work Curves for a Typical Contraction

In Fig. 3, we plotted the variation of each of the computed
work terms for a typical peristaltic event in a control subject. At
the beginning of the contraction, the total active work done is
zero and the esophagus is in its undeformed rest state. As the
contraction begins, it drives fluid into the distal segment of the
esophagus causing the walls to stretch and store energy. The
passive work curve shows this increase in stored energy as the
wave advances. As the walls stretch, the infinite compliance
limit of the bag is reached, and further expansion is not possi-
ble, and the passive work curve plateaus. The restriction of fur-
ther dilatation causes fluid to flow back through the narrow
contraction and into the proximal segment of the bag. This is
when the viscous work sharply increases. Eventually, the peri-
staltic event finishes traveling over the bag, the stretched part
of the esophagus returns to its original shape, and the stored
energy, i.e., the passive work value falls back to zero. In the
end, the magnitude of active work is equal to the energy loss
due to viscous effects. At any given instant, the values given by
the curves sum to zero indicating that Eq. 1 is satisfied.

Active Work Observed in Each Group

Active work done in controls had a median (IQR) value of
7.3 (3.6-9.2) mJ. These values were greater than active work
values computed for all three achalasia subtypes (P <
0.0001). Three patients in the type III group had contrac-
tions that were fully lumen occluding. The work values com-
puted for these individuals were substantially greater than
the rest of the group and are depicted as outliers in the plot.

AJP-Gastrointest Liver Physiol - doi:10.1152/ajpgi.00324.2020 - www.ajpgi.org

However, considered as a whole, this group also showed signif-
icantly less work done compared with controls. Patients with
GERD showed median (IQR) of 2.6 (0.99-3.6) mJ of active
work done and was less than controls (P < 0.003). When sub-
jects with GERD with normal motility (n = 11) were compared
with controls, they also showed significantly less work done
(P < 0.04). Patients with EoE showed a median (IQR) value of
1.35 (0.7-7.65) mJ of active work done, which trended less
than in controls (P < 0.11). Given the absence of contractile ac-
tivity in the SSc group, the active work values ranged from
0.06 to 0.8 mJ. These values were found to be significantly
less than controls (P < 0.0002), patients with GERD (P < 0.02),
and patients with EoE (P < 0.046). A summary of the values of
active work observed in each group is given in Fig. 6.

Work Capacity Observed in Each Group

Compared with controls, patients with achalasia subtypes I
and II showed significantly lower capacity for work (P < 0.001
and P < 0.004, respectively). Subjects with GERD as a whole
also showed reduced work capacity compared with controls (P
< 0.04). However, when subjects with GERD with normal mo-
tility (n = 11) were compared with controls, no significant differ-
ences between work capacity could be inferred (P < 0.2). In
addition to this, no difference in work capacity was found
between controls, type III, and EoE groups (P < 0.36). At higher
bag volumes, some patients with achalasia subtypes I and II
generated greater pressurization. These individuals are
depicted as outliers in Fig. 7 that summarizes the work capacity
calculated for each group. Numerical values observed for active
work and work capacity have been summarized in Table 2.

DISCUSSION

This study applied measures of esophageal contractile
work in response to esophageal distension (active work

Variation of work capacity across groups
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Figure 7. Peristaltic pumping pressurization work, i.e., the work capacity
computed for secondary peristaltic contractions occurring at high bag vol-
umes. Units of the quantity shown on the y-axis are millijoules of energy.
Qutliers are marked with red plus (+) signs.
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Table 2. Summary of work values computed per group

Active Work, mJ Work Capacity, mJ

Controls 7.26 (3.6-9.2) 268.5 (225.2-332.3)
Type | 0.45 (0.15-1.38) 60.2 (42.4-82.1)
Type i 0.9 (0.13-1.68) 87.8 (38.7-158.3)
Type lll 1.31(0.67-1.6) 293.1(158.9-401.3)
GERD 2.6 (0.99-3.6) 209.6 (140.3-247.4)
EoE 1.35 (0.7-7.65) 340.5 (254.4-385.1)
SSc 0.55 (0.3-0.7) 96.1(41.4-109.9)

The median is given along with the interquartile ranges for each
group of subjects. EoE, eosinophilic esophagitis; GERD, gastro-
esophageal reflux disease; SSc, systemic sclerosis.

and work capacity) and demonstrated differences between
asymptomatic controls and clinical cohorts with achalasia,
GERD, EoE, and SSc. In doing so, lower amounts of work
were observed among esophageal disorders characterized
by impaired peristaltic function: achalasia and SSc.
Among clinical conditions with more heterogeneous peri-
staltic function such as GERD and EoE and to some
degree, type III achalasia, we observed a broader range of
work parameters.

The esophagus can be thought of as a peristaltic pump
that transports fluid or semisolid content along its length.
The performance of a pump is often expressed in specifica-
tions that include horsepower and/or volumetric flow rate.
Given that the FLIP assembly does not allow for emptying or
a net flow rate, we turn to “work done” to report the perform-
ance of the esophagus in its capacity as a fluid pump. As the
distension protocol covers a wide range of operating bag vol-
umes, we propose two work metrics, at moderate and high
bag volumes, respectively, that account for the device's
response for the entire range of operation. It must be noted
that at low bag volumes, the FLIP does not always elicit a
contractile response. Thus, we cannot compute any mean-
ingful measures of work done for this range of operation if
there is no contraction.

The first work metric, i.e., active work done (or equiva-
lently, viscous losses incurred over the duration of a single
contraction) is plotted in Fig. 6. As expected, because of their
complete lumen-occluding contractions, the control group
exhibited the greatest amount of work done compared with
the other groups. The GERD group displayed less work done
compared with controls, as 30% of the group displayed irreg-
ular motility, with extremely low values for viscous work.
When GERD subjects with normal secondary peristaltic con-
tractions were compared with controls, the difference
between the two groups was still significant as well but to a
lesser degree. No significant difference was found between
controls and the EoE group. As mentioned earlier, 50% of
subjects with EoE showed regular motility and greater work
done due to the generation of significant pressures within
the bag. As such, the active work metric alone is not suffi-
cient to distinguish between controls and patients with EoE.

The variation of work capacity across groups is shown in
Fig. 7. Here, we observe that compared with controls, there
are no significant differences between achalasia subtype III
and the EoE groups, indicating that the maximum pressur-
ization is comparable among these three groups implying a
similar level of circular muscle contractility. The GERD
group exhibited less work capacity compared with controls,
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and individuals with achalasia type I and II exhibited less
work capacity compared with GERD. However, 20% of each
of these patients had substantial pressurization observed at
higher bag volumes, suggesting that the esophagus tended
to contract with greater degrees of distension.

Based on the trends observed among the three achalasia
subtypes and their medians, type III seems to have the great-
est work capacity (293 mJ) followed by type II (87.8 mJ) and
type I (60.2 mJ). This suggests that type III is relatively simi-
lar to the control group (274.5 mJ), and type I has the greatest
loss of contractile function, with type II being intermediate.
The EoE group exhibited a trend toward greater work
capacity (310 mJ), possibly attributable to the fibrosis-
induced stiffness of the esophageal wall causing greater
degree of pressurization during peristalsis.

It is instructive to use earlier studies that measured esoph-
ageal traction force to compute what the work done might be
if the force was applied over the length of the esophagus.
Pouderoux et al. (22) conducted experiments to quantify pro-
pulsive force in healthy controls reporting that the traction
force ranged from 11.1 to 110 g (equivalently, 0.11N to 1.08 N).
If one were to apply this force over the length of 12cm (the
average length of the smooth muscle segment of the esopha-
gus), the estimated work done ranges from 13.2 mJ to 129.6
mJ. On the lesser end, the estimated active work values com-
puted for controls agrees with these estimates and on the
greater end, their order of magnitude matches well with the
values we compute using our work capacity metric. As such,
it is encouraging to see this level of agreement because it indi-
cates that the propulsive force generated by the esophagus is
capable of doing similar amount of work as secondary peri-
staltic contractions predicted by our approach using the FLIP.

It should be noted that our approach for calculating the
active work done has some inherent limitations. Flow
through the contraction depends on the catheter diameter
and the folding of the bag as it comes in contact with the
catheter. The computation simplifies this complex geometry
as a circular cross section potentially leading to an underesti-
mation of viscous losses. Additionally, the smallest measura-
ble lumen diameter is larger than the catheter diameter,
adding further uncertainty to the flow geometry on full con-
tact. However, given that the magnitudes of observed and
predicted pressure drops were comparable, the overall mag-
nitude of error is assumed to be small. Another limitation of
our approach is the inability to account for hysteresis within
the esophageal wall as it stretches and returns to its base
state. However, accounting for this mode of energy loss
requires knowledge of the viscoelastic material properties of
the esophagus, which is beyond the scope of this study.

Gregersen et al. (23-25) estimated the work output of the
esophagus by measuring the variation of pressure and area
at specific locations along its length during muscle contrac-
tion cycles. These contractions were generated due to disten-
sion of the esophagus. The information from each cycle was
used to generate a pressure-CSA loop, the area of which was
reported as the work output. They reported that patients
with SSc had a stiffer wall compared with controls. Similarly,
they found that the work done by patients with SSc was less
than controls due to the inability of the musculature to gen-
erate comparable force. Based on their methodology, the
greatest observed work output in controls was ~25 mJ.
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Although this value is comparable with our maximum
reported values for active work done in controls (18 mJ), it is
important to note that the two numbers represent different
phenomena for work expenditure. The area of the loop as
measured by Gregersen is equivalent to the energy lost
within the esophageal wall due to hysteresis (24, 26) because
the esophagus behaves differently as it stretches compared
with when it relaxes and returns to its base state (27). This is
different than energy spent moving a fluid bolus. The energy
loss reported in our work is a consequence of fluid flow gen-
erated by secondary peristalsis within the FLIP bag, which
was also much longer than the bag used by Gregersen et al.
(16 cm vs. 4 cm). As such the value of active work reflects the
viscous resistance overcome to achieve bolus flow. The avail-
ability of both of these values greatly improves the estimate
for the total amount of energy expended by the esophagus
during a contraction. Now, estimates are available for both
modes of energy loss, i.e., energy needed to overcome vis-
cous resistance to flow and energy lost due to hysteresis in
the viscoelastic walls of the esophagus.

In conclusion, we present an alternative approach to quan-
tify the efficacy of esophageal secondary peristalsis based on
the concept of mechanical work. Changes in lumenal CSA
and pressure were treated as displacement and force, respec-
tively, to compute energy spent during secondary peristalsis.
The approach to calculate work for each contraction is
explained, and the dynamics of the combined esophagus-
FLIP system was explored by studying the variation of work
during a typical contraction. A detailed breakdown of the
energy spent by a single peristaltic contraction was also pre-
sented. The amount of work done was calculated for groups
of controls and patients, and on average, the control subjects
showed a greater amount of work done. In addition to provid-
ing insight into the mechanical profile of the esophagus, the
computation of work can also be used to quantify the effec-
tiveness of peristalsis in subjects with abnormal motility.
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