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Abstract

We used in silico models to investigate the impact of the dimensions of myotomy, contraction pattern, the tone of the esophago-
gastric junction (EGJ), and musculature at the myotomy site on esophageal wall stresses potentially leading to the formation of a
blown-out myotomy (BOM). We performed three sets of simulations with an in silico esophagus model, wherein the myotomy-
influenced region was modeled as an elliptical section devoid of muscle fibers. These sets investigated the effects of the dimen-
sions of myotomy, differing esophageal contraction types, and differing esophagogastric junction (EGJ) tone and wall stiffness at
the myotomy affected region on esophageal wall stresses potentially leading to BOM. Longer myotomy was found to be accom-
panied by a higher bolus volume accumulated at the myotomy site. With respect to esophageal contractions, deformation at the
myotomy site was greatest with propagated peristalsis, followed by combined peristalsis and spasm, and pan-esophageal pres-
surization. Stronger EGJ tone with respect to the wall stiffness at the myotomy site was found to aid in increasing deformation at
the myotomy site. In addition, we found that an esophagus with a shorter myotomy performed better at emptying the bolus than
that with a longer myotomy. Shorter myotomies decrease the chance of BOM formation. Propagated peristalsis with EGJ outflow
obstruction has the highest chance of BOM formation. We also found that abnormal residual EGJ tone may be a co-factor in the
development of BOM, whereas remnant muscle fibers at myotomy site reduce the risk of BOM formation.

NEW & NOTEWORTHY Blown-out myotomy (BOM) is a complication observed after myotomy, which is performed to treat acha-
lasia. In silico simulations were performed to identify the factors leading to BOM formation. We found that a short myotomy that
is not transmural and has some structural architecture intact reduces the risk of BOM formation. In addition, we found that high
esophagogastric junction tone due to fundoplication is found to increase the risk of BOM formation.

achalasia; diverticulum; Heller myotomy; dysphagia

INTRODUCTION muscle (CM) fibers of the distal esophagus and lower esopha-

geal sphincter (LES) are disrupted. Figure 1A shows three se-

Achalasia is an esophageal motility disorder characterized
by impaired esophagogastric junction (EGJ) relaxation and
absent peristalsis. The Chicago classification (1, 2) catego-
rizes achalasia into subtypes I, II, and III based on pressure
topography patterns observed with high-resolution manom-
etry (HRM). A recent study (3) showed that the incidence
and prevalence of achalasia diagnosed using high-resolution
manometry is at least two- to threefold greater than previous
estimates with an incidence in the range of 2-3/100,000 and
a steadily rising prevalence as newly diagnosed cases accu-
mulate. The standard surgical treatment of achalasia is lapa-
roscopic Heller myotomy (LHM) during which the circular
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quential time points during a LHM procedure. The myotomy
extends for a variable length onto the distal esophagus and
gastric cardia (4). Because myotomy can lead to uncontrolled
reflux, it is usually combined with a partial fundoplication
(5), wherein the gastric fundus is mobilized and partially
wrapped around the LES to reduce the severity of postproce-
dure reflux.

Another potential complication of myotomy is the forma-
tion of a blown-out myotomy (BOM) in the distal esophagus
(6, 7). A BOM is a pseudodiverticulum in the distal esopha-
gus that can progressively enlarge and compromise esopha-
geal emptying, potentially mandating further surgery (Fig.
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Figure 1. A: laparoscopic Heller myotomy. Distal esophagus during laparoscopic myotomy is shown. Top: the diaphragmatic crus arcing over the esopha-
gus. The longitudinal muscle is separated, and the circular muscle is broken. The myotomy region takes the form of an ellipse. The upper half of the ellipse
approximately extends from the LES to the distal esophagus. The lower half of the weak section extends from the LES into the stomach. a—c) three times
during the myotomy are presented. The dashed yellow ellipses show the enlarging area of bared mucosa with progression of the myotomy. Maximum
extension of the opened grasper (=2 cm) was used as a scale to calculate to the dimensions of myotomy and diameter of the esophagus. B: esophagram of
a blown out myotomy (BOM). BOM formed in the patient after myotomy just above the diaphragm with the EGJ observed as the narrow region distal to the
BOM. Barium is retained inside the pseudodiverticulum, almost filling it. C: vEsophagus model used in our simulations with three layers: LM, CM, and mu-
cosa. The weakened region from the myotomy is shown as an ellipse at the distal end. During myotomy, the LM fibers are loosened and their connectivity
with each other is disrupted; the CM fibers are broken. The matrix in which the muscle fibers are embedded remains in place, although its connection with
the fibers might be broken. To model this behavior, we removed the muscle fibers in the CM and LM in an elliptical region near the distal end of the esopha-
gus. We have modeled the myotomy affected region by weakening a half-elliptical section at the distal end of the esophagus (since the lower half extends
into the stomach). CM, circular muscle; EGJ, esophagogastric junction; LES, lower esophageal sphincter; LM, longitudinal muscle.
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1B). BOM is characterized by an outward protrusion of the
mucosa through the defect in the muscle layers resultant
from the myotomy. BOM formation can be attributed to a
complex combination of physical and biological factors such
as strength of the esophageal wall after myotomy, elastic and
plastic behavior of the esophagus wall, remodeling, and neu-
ral-activated peristaltic contraction strength. In this work,
we investigated the underlying physics potentially leading
to the formation of BOM using a fully coupled three-dimen-
sional in silico model called virtual esophagus (VEsophagus).
A previous study using a computational model of the esoph-
agus analyzed the effect of anatomical asymmetry, tissue an-
isotropy, and the LES in the formation of epiphrenic
diverticula (8). We used a similar model to understand the
impact of the dimensions of myotomy in the formation of
BOMs. Furthermore, although myotomy obliterates the LES,
there is some residual tone at the esophagogastric junction
(EGJ) attributable to the crural diaphragm, the remains of
the esophageal wall at the myotomy site, and the associated
partial fundoplication. The impact of this collective tone at
the EGJ in the formation of BOM was also investigated and
described in the following sections.

MATERIALS AND METHODS

vEsophagus: In Silico Model of the Esophagus

The vEsophagus was modeled as a multilayered axisym-
metric cylindrical tube as shown in Fig. 1C. It is a computa-
tional model that captures the fluid-structure interaction
between the esophageal walls and the swallowed bolus
using the immersed boundary (IB). This model was based
on a previous work (9), and the mathematical details of the
vEsophagus are provided in the APPENDIX. Because of the
use of the IB method, the vEsophagus wall has a visco-
elastic nature, which is also observed in reality (10, 11).

The dimensions of the vEsophagus were based on a typical
LHM video, a few instants of which are shown in Fig. 1A. The
maximum extension of the opened grasper is 2 cm. Using
that as a scale, we estimated the average outer diameter of
the collapsed esophagus to be 1.6 cm. The vEsophagus wall
was composed of three main layers: mucosa (which includes
both mucosa and submucosa), circular muscle (CM), and
longitudinal muscles (LMs). The approximate thickness of
each layer was estimated experimentally in a previous study
(12). Using the same relative ratios of the layers, we calcu-
lated the CM and LM thickness to be ~1 mm each and muco-
sal thickness to be 5.5 mm. For our simulations, we assumed
the total length of the esophagus including the upper esoph-
ageal sphincter (UES) and LES to be 24 cm. The UES and LES
were assumed 3 cm each. The UES opens for a brief interval
during a swallow to allow bolus entry into the esophagus
and then closes for the duration of the sequence (13, 14).
Hence, in our simulations, we eliminated the UES by assum-
ing the proximal end of the vEsophagus to be fixed and only
considered the esophagus distal to the UES.

The wall of the vEsophagus was modeled as a composite
of hyperelastic materials with each layer composed of fibers
embedded in a matrix (15, 16). The hyperelastic behavior of
the vEsophagus wall layers was defined in other in silico
models (9, 17-19) and discussed in APPENDIX.
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Simulation Details

We performed three sets of simulations to investigate
the effect of myotomy on the pressure stresses that can
potentially lead to the formation of a BOM. First, we did a
parametric study with five cases with different myotomy
dimensions, specifically the length and width of the weak-
ened section. Table 1 shows the details of different cases simu-
lated. In all cases, we assumed the extreme case, wherein the
LES remained occluded. This helped to quantify the effect of
myotomy as a set of baseline cases that were not influenced
by other physiological factors. Since we assumed the EGJ to
be fully occluded in these first simulations, we eliminated the
LES in the vEsophagus, leaving 18 cm of esophagus between
the UES and LES, fixed at both ends. The lengths of the myot-
omies specified in Table 1 are considered from the proximal
end of the LES. Thus, the total lengths of the myotomies were
3 cm more than shown in Table 1. The contraction pattern
was kept the same for all five cases (pan-esophageal pressur-
ization) for comparison.

Second, we investigated the effect of four different physio-
logically motivated esophageal muscle contraction patterns
that can potentially lead to the formation of a BOM: normal
peristalsis, minimal/no contraction as observed in achalasia
type I, pan-esophageal contraction as observed in achalasia
type II, and peristalsis transitioned into distal spasm i.e.,
spasm in the distal half of the esophagus, which predomi-
nantly contains smooth muscles, as observed in achalasia
type III. These contraction patterns are neurally controlled
manifest by the circumferential contraction of the CM and
the longitudinal shortening of the LM (20, 21). The details of
these cases are given in Table 2. All these cases model EGJ
outflow obstruction (EGJOO) by a closed distal end. We per-
formed two sets of this simulation, one with the standard ref-
erence length of 6 cm, and the other with a short myotomy
length of 2 cm to describe the difference in outcome of myot-
omy length.

Third, we investigated the effect of EGJ tone and remnant
musculature at the myotomy site on pressure stresses that
can potentially lead to the formation of a BOM by consider-
ing two groups with six cases for group I and one case of
group II as detailed in Table 3. Since the LES is obliterated by
the myotomy, the EGJ tone can be contributed to external
anatomical features such as the hiatus and a fundoplication.
This EGJ tone was modeled as increased stiffness at a short
section of the distal esophagus. This is reasonable as the
effective impact of the EGJ tone in HRM and EndoFLIP
appears as a region of higher stiffness by providing more re-
sistance to opening compared with the remainder of the
esophagus. Although the muscle fibers are damaged at the
myotomy site, the wall stiffness at that site might not

Table 1. Dimensions of elliptical myotomy section in sim-
ulation set 1

Case Number 1/, Major Axis, mm Minor Axis, mm

1 60 7
2 90 7
S 30 7
4 60 4
5 60 10
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Table 2. Details for simulation set 2

Case Number

Contraction Type

Details

1

Peristalsis (normal), standard myotomy

2 Very weak contraction (achalasia ), standard
myotomy

S) Pan-esophageal contraction (achalasia ), stand-
ard myotomy

4 Proximal peristalsis transitions with distal spasm
(achalasia lll), standard myotomy

5] Peristalsis (normal), short myotomy

6 Very weak contraction (achalasia I), short
myotomy

7 Pan-esophageal contraction (achalasia Il), short
myotomy

8 Proximal peristalsis transitions with distal spasm

(achalasia Ill), short myotomy

Contraction width: 6 cm, speed: 2 cm/s, EGJOO, myotomy length: 6 cm
Stationary over the entire esophageal length, EGJOO, myotomy length: 6 cm

Stationary over the entire esophageal length with weak irregularities in
strength along the length, EGJOO, myotomy length: 6 cm

Peristalsis in the proximal half of the esophagus that merges with spasm
(three stationary peaks) in the distal half, EGJOO, myotomy length: 6 cm

Contraction width: 6 cm, speed: 2 cm/s, EGJOO, myotomy length: 2 cm

Stationary over the entire esophageal length, EGJOO, myotomy length: 2 cm

Stationary over the entire esophageal length with weak irregularities in
strength along the length, EGJOO, myotomy length: 2 cm

Peristalsis in the proximal half of the esophagus that merges with spasm (3
stationary peaks) in the distal half, EGJOO, myotomy length: 2 cm

EGJOO, esophagogastric junction outflow obstruction.

necessarily be equal to the strength of the mucosa. This is
because some remnant muscle fibers might be present after
myotomy. In addition, the myotomy site might heal or scar
to some extent with time, which can raise the stiffness of the
wall at the myotomy site. The total length of the esophagus
in these cases was 21 cm since the LES was included and the
lower end of the esophagus was free to move.

In reality, the factors discussed in this section (myotomy
dimensions, contraction pattern, and EGJ tone) work together
making it impossible to investigate their individual impact.
The simulation sets described in this section addresses this
problem by systematically investigating the impact of varying
each factor independently while holding the others constant.

Details of Numerical Simulation

The numerical simulations were performed using the
immersed boundary method adaptive mesh refinement
(IBAMR) software infrastructure (22). For postprocessing and
visualization of the simulation results, we used an open-
source visualization software VislIt (23).

RESULTS

Simulation Set 1: Parametric Study of the Effect of
Myotomy with Fully Occluded EGJ

The deformation of the esophagus during bolus transport
for the cases detailed in Table 1 is shown in Fig. 2 for the

Table 3. Details for simulation set 3

same time instant. Case 1 used the dimensions of the
weakened section estimated from the LHM video as
shown by Fig. 1A and is used as a reference for compari-
son with the other cases. Physiologically, the conditions
for this simulation set are similar to an incomplete myot-
omy or tight fundoplication performed on a patient with
type IT achalasia.

Cases 1, 2, and 3 had a maximum outward displacement
at the myotomy site of 9.5 mm, 9.2 mm, and 9.3 mm,
respectively. Thus, although both increasing and decreas-
ing the length of myotomy from the reference case 1,
reduced the degree of deformation, the difference in the
magnitude of maximum outward displacement was mini-
mal. The percentage volume of fluid accumulated in the
myotomy affects the region with respect to the total bolus
volume for cases 1, 2, and 3 were found to be 48.6%,
67.6%, and 28.7%, respectively. Thus, the volume of fluid
that accumulated inside the myotomy was proportional
to the length of myotomy.

Cases 1, 4, and 5 had varying minor axes, and the maxi-
mum displacements were 9.5 mm, 9.6 mm, and 9.7 mm,
respectively. As with the cases with varied myotomy lengths,
the differences were minimal. The percentage volume of
fluid accumulated in the myotomy affect the region with
respect to the total bolus volume for cases 1, 4, and 5 were
found to be 48.6%, 48.8%, and 48.4%, respectively. Thus, the
volume of fluid that accumulated inside the myotomy site
was also very similar as can be seen in Fig, 2.

Case Number Group |
1 Standard myotomy length (6 cm); no EGJ tone; myotomy affected zone walled by mucosa only; contraction type: normal peristalsis
2 Standard myotomy length (6 cm); with an EGJ tone; myotomy affected zone walled by mucosa only; contraction type: normal
peristalsis
S Standard myotomy length (6 cm); with an EGJ tone; myotomy affected zone walled by mucosa and weakened muscle layers (the

strength of the muscle fibers were reduced by 99%, but the matrix of the muscle layers were intact at the myotomy site); contrac-

tion type: normal peristalsis

[QNEIEN

Short myotomy length (3 cm); no EGJ tone; myotomy affected zone walled by mucosa only; contraction type: normal peristalsis
Short myotomy length (3 cm); with an EGJ tone; myotomy affected zone walled by mucosa only; contraction type: normal peristalsis
Short myotomy length (3 cm); with an EGJ tone; myotomy affected zone walled by mucosa and weakened muscle layers (the

strength of the muscle fibers were reduced by 99% but the matrix of the muscle layers were intact at the myotomy site); contrac-

tion type: normal peristalsis

Group Il
POEM length: 12 cm; LM intact at the myotomy site while CM fibers were broken, and CM matrix strength reduced 100-fold; with an EGJ tone; con-
traction type: normal peristalsis

CM, circular muscle; EGJ, esophagogastric junction; LM, longitudinal muscle; POEM, Peroral endoscopic myotomy.
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L: 90 mm
W: 7 mm

I
I

L: 60 mm
W: 4 mm
-

L: 30 mm
W: 7 mm

- -

Figure 2. Simulation set 1. myotomy site deformation with different dimensions of myotomy. A: length 60 mm, max width 7 mm. B: length 90 mm, max
width 7 mm. C: length 30 mm, max width 7 mm. D: length 60 mm, max width 4 mm. E: length 60 mm, max width 10 mm. A—E shows the deformed shape
of the esophagus for cases 1-5, respectively at the same time instant. The maximum outward displacement at the myotomy site for cases -5 is 9.5 mm,
9.2 mm, 9.3 mm, 9.6 mm, and 9.7 mm, respectively. The percentage volume of fluid accumulated at the myotomy affected regions with respect to the
total bolus volume for cases -4 is 48.6%, 67.6%, 28.7%, 48.8%, and 48.4%, respectively.

Simulation Set 2: Effect of Muscle Contraction

The maximal deformation at the myotomy site associated
with the four different patterns of esophageal contraction
detailed in Table 2 is shown in Fig. 3. The maximum outward
displacement at the standard myotomy site for cases 1-4 was
found to be 18.0 mm, 0.4 mm, 5.9 mm, and 7.4 mm, respec-
tively. The percentage volume of fluid accumulated at the
myotomy affected regions with respect to the total bolus vol-
ume for these cases was 95.1%, 29.9%, 46.5%, and 81.7%,
respectively. The maximum outward displacement at the
short myotomy site for cases 5-8 is 9.4 mm, 0.4 mm, 7.5 mm,
and 12.8 mm, respectively. The percentage volume of fluid
accumulated at the short myotomy affected regions with
respect to the total bolus volume for cases 5-8 is 87.7%,
0.33%, 16.2%, and 57.2%, respectively. Thus, the volume of
fluid accumulated at the myotomy site for short myotomy
was less compared with that for a longer myotomy. On com-
paring these cases, we observed that the maximum outward
displacement at the myotomy occurred with normal peristal-
sis. In addition, the peristaltic contraction passed over the
weakened section without collapsing the outward protru-
sion, but rather, increased its outward displacement, and
aided the deformation at the myotomy site as shown in Fig.
3Aa and Ba. No prominent deformation at the myotomy site
was observed for cases 2 and 6. The pan-esophageal pressur-
ization of cases 3 and 7 does not lead to efficient transport of
the bolus from the proximal to the distal esophagus as evi-
dent by the remnant fluid at the proximal esophagus. The
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BOMs formed in these cases had lesser volumes compared
with cases 1, 4, 5, and case 8. Cases 4 and 8 show that
proximal normal peristalsis, which transitioned into dis-
tal spasms, resulted in volumes accumulated at the myot-
omy site less than cases 1 and 4, but greater than the other
cases. The effect of distal spasm in shorter myotomy was
more prominent compared with that observed for longer my-
otomy as observed by comparing the shape of the bolus in
Fig. 3Ad and Bd. Because of the lack of contractions, there
was no prominent deformation at the myotomy site for case
6 just like case 2.

Simulation Set 3 (Group l): Effect of EGJ Tone and
Musculature at the Myotomy Site

The effect of varied EGJ tone and remnant muscle fibers
at the myotomy site on deformation at the myotomy affected
zone was investigated by comparing six cases as detailed in
Table 3. Figure 4 shows bolus transport through an esopha-
gus with a standard size myotomy (Fig. 4, A-C, a-c) and with
a short myotomy (Fig. 4, A-C, d—-f). When comparing cases 1
and 2, we see that without EGJ tone the peristaltic contrac-
tion successfully emptied the esophagus in case 1, but
because of the presence of the EGJ tone in case 2, a promi-
nent deformation at the myotomy site was observed. But, as
we see in Fig. 4Ac, even with the presence of the EGJ tone,
the esophagus with a stronger wall at the myotomy site was
able to empty with the help of a peristaltic contraction with-
out a prominent deformation at the myotomy location. In
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Normal Weak Pan-esophageal
peristalsis contraction pressurization
(Case 1) (Case 2) (Case 3)
(a) (b) (c)
B l
Normal Weak Pan-esophageal
peristalsis contraction pressurization
(Case 5) (Case 6) (Case 7)

(a) (b) (c)

addition, Fig. 4B, a—c, illustrates the bolus emptying in cases
1 and 3 by the high fluid velocity at the distal end of the
esophagus, and the negligible emptying of case 2 by almost
no fluid flow at the distal end and the accumulated fluid at

Figure 3. Simulation set 2: effect of contrac-
tion pattern on maximal myotomy site defor-
mation. A: standard myotomy (=6 cm). The

Peristalsis with maximum outward displacement at the myot-

distal spasm omy site for cases -4 are 18.0 mm, 0.4 mm,
(Case 4) 5.9 mm, and 7.4 mm, respectively. The per-
(d) centage volume of fluid accumulated at the

myotomy affected regions with respect to the
total bolus volume for cases 1-4 is 95.1%,
29.9%, 46.5%, and 81.7%, respectively. B: short

myotomy (=3 c¢cm). The maximum outward dis-
placement at the myotomy site for cases 5-8
is 94 mm, 0.4 mm, 7.5 mm, and 12.8 mm,
respectively. The percentage volume of fluid
accumulated at the myotomy affected regions
with respect to the total bolus volume for
cases 5-8 is 87.7%, 0.33%, 16.2%, and 57.2%,
respectively.

Peristalsis with
distal spasm
(Case 8)

(d)

the myotomy location. Figure 4C, a and b, shows that the
intrabolus pressure reached a higher value for case 2 com-
pared with case 1 and led to a prominent deformation at the
myotomy site in case 2. The intrabolus pressure was
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A Std myotomy,
no EGJ tone,
weak myotomy
wall

Figure 4. Simulation set 3 (group I): effect of
EGJ tone and myotomy site muscle architec-
ture on myotomy site deformation. A: a—f) my- @
otomy deformation associated with cases -6,

respectively. The esophagus empties in all the

cases except case 2 with very little deforma- B 3000
tion at the myotomy site. The esophagus in 2125
case 2 has negligible emptying and the bolus
accumulates in the myotomy site proximal to
the EGJ. The volume of the bolus inside the
esophagus at the end of the simulation for

1.250

0.375

cases 1-6 is 37.9%, 98.1%, 15.0%, 15.9%, 13.3%, 0.500
and 11.5% of the initial bolus volume, respec- e e

tively. B: nondimensional velocity distribution
within the esophagus with a myotomy at the
same time instant. a—f illustrate cases 71-6,
respectively. All the cases except case 2 show
bolus emptying evident from the high fluid
flow rate at the distal end of the esophagus. In
case 2, only a negligible amount of bolus fluid
leaves the esophagus and most of it stays
accumulated at the myotomy site. C: nondi-
mensional pressure distribution within the
esophagus with a myotomy at the same time
instant. a—f illustrate cases 1-6, respectively.
The intrabolus pressure (IBP) is higher in case
2 than in case 1. The average IBP in case 2 is
33% higher than case 1. Cases 3—6 have sig- C 2.500
nificantly higher IBP. The IBP of cases 3—6 is
73, 7.4, 8.1, and 8.9 times that of case 1, 2.000
respectively. EGJ, esophagogastric junction. 1500
1.000

0.500
Pressure

significantly higher in case 3 than in cases 1 and 2 but did not
lead to large deformation at the myotomy site. Figure 4A, d-
f, shows that shorter myotomy length always resulted in
adequate emptying. The velocity field at the distal end of the

Std myotomy, Std myotomy, Short myotomy, Short myotomy, Short myotomy,
EGJ tone, EGJ tone, no EGJ tone, EGJ tone, EGJ tone,
weak myotomy strong myotomy weak myotomy weak myotomy strong myotomy
wall wall wall wall wall

S e

i I I [

(b) (c) (d) (e) ®

esophagus as shown in Fig. 4B, d-f, demonstrates the empty-
ing process. In addition, Fig. 4C, d-f, shows that the intrabo-
lus pressure in cases 4-6 was higher compared with that
observed in cases 1 and 2. As shown in Fig. 4A, the volumes
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of the bolus accumulated inside the esophagus at the end of
the simulation for cases 1-6 were 37.9%, 98.1%, 15.0%, 15.9%,
13.3%, and 11.5% of the initial bolus volume, respectively. For
the time instant shown in Fig. 4C, the average intrabolus
pressure in case 2 was 33% higher than case 1. Cases 3-6 had
significantly higher intrabolus pressure than cases 1 and 2.
We found that the average intrabolus pressure of cases 3-6
were 7.3, 7.4, 8.1, and 8.9 times that of case 1, respectively.

Simulation Set 3 (Group ll): Effect of POEM at the
Myotomy Site

Cases 3 and 6 of group I demonstrated that the esophagus
with greater stiffness at the myotomy site compared with the
other cases resisted deformation at the myotomy site and
aided in bolus emptying. In LHM both CM and LM fibers are
obliterated resulting in a very weak esophageal wall at the
myotomy site. Peroral endoscopic myotomy (POEM), on the
other hand, only obliterates the CM fibers and leaves the LM

A Final B

configuration

Velocity field C
during emptying
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intact increasing the wall strength at the myotomy site com-
pared with that seen with LHM. Group II simulation investi-
gates the impact of POEM on BOM formation and bolus
emptying. Figure SA shows the final configuration of the
vEsophagus after bolus transport. The high-velocity field at
one instant, as shown by Fig. 5B, describes how the bolus
empties out of the esophagus by the peristaltic contraction.
The high intrabolus pressure (shown by Fig. 5C) drives the
fluid out of the esophagus. The intrabolus pressure, in this
case, was 5.3 times higher than that of case 1 of group I
(which was used as a reference for the other simulations in
simulation set 3).

DISCUSSION

We performed three sets of simulations with an in silico
model called vEsophagus to analyze the effect of myotomy
dimensions, esophageal contraction pattern, and EGJ outflow

Pressure field
during emptying

Figure 5. Simulation set 3 (group II): effect of
POEM on the myotomy site deformation. A: the
final configuration of the esophagus undergone
with POEM. No prominent deformation observed
at the myotomy site. B and C: the velocity and
pressure fields inside the esophagus at a time
instant when the EGJ opens due to the intrabo-
lus pressure, and the bolus empties out of the
esophagus. The IBP in this case is 5.3 times that
of case 1 of group I (which was used as a refer-
ence). IBP, intrabolus pressure; POEM, Peroral
endoscopic myotomy.
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resistance on the pressure stresses leading to BOM formation.
In all these simulations, the myotomy affected region was
modeled by weakening the muscle layers in a half-elliptical
weak section at the distal end of the vEsophagus. From simu-
lation set 1, we found that increasing the length of the myot-
omy increases the chances of formation of a BOM, whereas
varying the width of the myotomy did not have a significant
impact on the size of the BOM. Since the esophagus anatomy
is long and narrow, there is more scope for the variation in
the length of myotomy in comparison to the width. Thus, the
impact of variation of length on the likely formation of a BOM
is more important compared with the variation of myotomy
width. Although the simulation set 1 was performed with
idealized conditions, i.e., perfect pan-esophageal pressur-
ization and closed EGJ, similar conditions may be
observed clinically with an incomplete myotomy or ob-
structive fundoplication. Simulation set 2 validates this
point by showing that other contraction patterns also lead
to greater deformation at myotomy site for longer myot-
omies than for short myotomies. In addition, by compar-
ing different contraction patterns in simulation set 2, we
found that peristalsis has the greatest chance of a BOM
formation followed by spasm and pan-esophageal pres-
surization. Through group I of simulation set 3, we found
that a strong EGJ tone increased the chances of BOM for-
mation, whereas intact muscle fibers at the myotomy site
reduce the likelihood formation of BOM. Although peri-
stalsis sometimes returns postmyotomy (24), the contrac-
tion pattern postmyotomy is unpredictable. We chose
peristalsis as the contraction pattern to test because it has
the most adverse effect on BOM formation (as seen in sim-
ulation set 2) thereby accentuating the potential influence
of EGJ tone on minimizing the chances of BOM formation.
Group II of simulation set 3 showed that the chances of
BOM formation are decreased in the case of POEM com-
pared with LHM since the remnant LM fibers after POEM
prevented large deformation at the myotomy site.

Implications and Future Directions

In practice, only the myotomy length is controlled while
the width depends on the myotomy length. In general, a lon-
ger myotomy leads to the formation of a wider weak section.
Since the effect of width on the volume accumulated inside
the deformed myotomy site is negligible, our study validates
the current practice of controlling only the length of myot-
omy to control the formation of a BOM. Identifying the LES
during a myotomy procedure can be challenging. Therefore,
a longer myotomy might appear to be safer choice to make
sure EGJOO is no longer present. In addition, myotomies are
accompanied by fundoplication, which increase the overall
EGJ tone. But our simulations show that this combination of
long myotomy with a strong EGJ tone possibly due to fundo-
plication maximizes the risk of BOM formation. Instead,
effort should be made to have shorter myotomies focused at
the LES and try to avoid fundoplication to minimize the
chances of BOM formation. This is consistent with the initial
description of BOM (6) that showed that BOM was not found
in patients undergoing pneumatic dilation (essentially a
short myotomy despite not being complete) but occurred fre-
quently in patients treated with LHM and Dor fundoplasty.
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Our simulations show that even with fundoplication that
raises EGJ tone, shorter myotomies lead to proper bolus out-
flow and decrease the chances of BOM formation. This is
because smaller myotomy affected regions have a higher
overall esophageal wall stiffness compared with larger myot-
omy affected zone. Stiffer walls lead to increased intrabolus
pressure, which opens the EGJ, whereas weaker walls
deform easily without raising the bolus pressure, and thus,
the EGJ does not open, and the bolus gets retained at the
myotomy site. For the same reason, as shown by simulation
set 3, if the myotomy was not transmural or continued to
have some muscle fibers at the myotomy site, then the chan-
ces of BOM formation are reduced. Thus, myotomy proce-
dures such as POEM have an advantage over LHM as they
may target only the CM and leave the LM relatively intact as
described by group II of simulation set 3. POEMs are espe-
cially useful for patients with type III achalasia and patients
with distal esophageal spasm, where the myotomy length
needs to be sufficient to include the spastic region. Hence,
POEMs can go upwards of 10 cm but still be successful in
retaining the myotomy wall strength sufficient to resist large
deformation and aid in bolus emptying. In addition, a real-
time tailored myotomy as possible with intraoperative FLIP
to obtain targeted values of distensibility at the myotomy
affected zone as well as at the EGJ might help in performing
myotomies with lower chances of forming BOM.

Different contraction patterns as observed in different
achalasia types have different effects on the deformation at
the myotomy site. In addition, it has been observed that
some patients with achalasia have evidence of partial peri-
stalsis after myotomy likely due to it becoming more evident
in the less dilated esophagus posttreatment (24). Because of
the absence of contraction in achalasia I, the chances of
BOM formation are minimal, irrespective of the myotomy
length and EGJ tone after fundoplication. But, based on our
simulations, patients with EGJOO with normal peristalsis
and patients suffering from achalasia III have a higher risk of
forming BOM with longer myotomy length and strong EGJ
tone. Therefore, it might be beneficial to aim for shorter my-
otomy without fundoplication for such patients. Longer my-
otomies performed on patients with achalasia III can
sometimes weaken the spastic contractions at the distal seg-
ment of the esophagus. This would reduce the chances of
forming a BOM. But, on the other hand, if the myotomy is
partially through the spastic segment with remnant spasm
forcing bolus into the distal esophagus, it might aid in the
formation of a BOM. Thus, the myotomy length should be
determined in a patient-specific manner with the help of
diagnostic devices such as HRM and physics-based simula-
tions (25) that work with HRM data.

Limitations

BOM was qualitatively defined in Triggs et al. (6), but there
is a lack of quantitative definition of BOM in the literature.
BOMs form due to tissue remodeling over a long timeline
compared with the single swallows used in our modeling.
Our simulations do not account for tissue remodeling. Thus,
the deformation at the myotomy site seen in our simulations
is not a BOM, but rather the repetitive strain that would be
exerted on the myotomy. This is a limitation of the
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vEsophagus model. With our simulations, we can only
hypothesize that factors leading to maximum deformation
at the myotomy site will also impact in the formation of a
BOM over a longer period. The material properties used in
the vEsophagus were motivated from experimental obser-
vations of porcine esophagus due to the lack of experimen-
tal data on the human esophagus. In addition, because of
the presence of the surrounding organs, the effective dis-
tensibility of the esophagus varies along its length. These
complexities were not considered in our model. In addi-
tion, the vEsophagus focuses just on the esophagus with-
out considering the stomach. Adding a stomach to the
model would increase the stiffness at the distal end of the
esophagus, and the intragastric pressure will require higher
intrabolus pressure to empty out the bolus. Considering these
factors would increase the computation time significantly
without any significant additions to our current observations.
Another significant limitation of this study is that we have
investigated only a few types of contraction patterns as
typically might be observed. In reality, the nature of con-
traction varies significantly from swallow to swallow, par-
ticularly for achalasia II and III. In addition, the fully
closed EGJ in simulation sets 1 and 2 are idealized scenar-
ios. Simulating the actual physiological conditions of the
wide variety of contraction patterns and EGJ tone is too
computationally complex and costly to be practical. The
observations from our simulations are still applicable to a
wide variety of contraction patterns, but it might be worth-
while to investigate the impact of contractions on BOM
formation, which are significantly different from what we
discussed in this study. Finally, we did not consider grav-
ity in our simulations although it is a factor in generating
intrabolus pressure. Unfortunately, introducing gravity
significantly increases the complexity of the simulations
putting it beyond the scope of this work and making it a li-
mitation of this work.

Conclusions

In conclusion, we performed in silico simulations to
investigate the impact of different biomechanical factors
that lead to the formation of a BOM such as dimensions of
the myotomy, esophageal contraction pattern, EGJ tone,
and residual state of muscle fibers at myotomy location.
We found that long myotomies with greater EGJ tone and
preserved peristalsis maximize the chances for BOM for-
mation. Our simulations show that the best possible myot-
omy to minimize the chances of BOM formation is a short
myotomy spanning only the length of the LES that is not
transmural and has some structural architecture intact.
This should be the approach in type II achalasia or EGJOO
with propagating peristalsis that may be observed in
patients with achalasia in evolution. Type I achalasia will
likely not develop a BOM. Type III achalasia will most
likely develop a BOM if the myotomy is partially through
the spastic segment with remnant spasm forcing bolus
into the distal esophagus. Although the final decision on
the dimensions and modality of the myotomy will depend
on multiple factors such as the type and severity of achala-
sia and fundoplication, our simulations using vEsophagus
should be helpful in guiding the surgical plan.
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APPENDIX

Mathematical Modeling of the vEsophagus

The vEsophagus was modeled as a fluid-structure interac-
tion system using Immersed boundary (IB) method. In this
method, the structure (esophagus) is represented using
Lagrangian coordinates, and the fluid is represented using
Eulerian coordinates. The governing equations are as
follows:

p(%l: + u-Vu) = -Vp + uViu + f, (1)
V-u=0, (2)
flx,0) = J‘F(s7 1d[x — X(s, 1)]ds, (3)
T
JF(s, 1) V(s)ds = — JP : Vi V(s)ds, YV(s), (4)
T T
U(s,t) = J‘u(x7 1)8[x — X(s, 1)]dx, (5)
Q
J%(s, 1) - V(s)ds = — J U(s, 1) - V(s)ds, VV(s), (6)
T r
P = p[X(~ 1)), )

Mucosa

Circular
muscle

Longitudinal
[~ muscle

Figure A1. Muscle architecture of the esophagus wall. The fiber orienta-
tions are shown by the dashed lines. The outer longitudinal muscle fibers
are oriented along the length of the esophagus, the middle circular mus-
cle fibers are oriented in the tangential direction, and the inner mucosal
layer has its fibers in the axial direction.
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where Egs. 1 and 2 are the momentum and mass conserva-
tion equations for an incompressible fluid-structure system
in Eulerian description. u and p are the Eulerian velocity
and pressure, respectively. p and p are the density and vis-
cosity of the entire system. In this case, fluid was assumed to
be Newtonian and had a density and viscosity of 1,000 kg/
m? and 10 cP, respectively. The esophageal wall was assumed
to have the same density and viscosity as the fluid to avoid
buoyancy effect in the IB method. Equations 3-6 are the IB
fluid-structure equations, where fand F are the Eulerian and

Lagrangian elastic force density, respectively. U,X, and P are
the structure velocity, position, and first Piola-Kirchhoff
stress, respectively. Equation 7 is a generic form representing
the relation between P and the hyperelastic strain energy
function that define the elastic behavior of the structure.

In IB method, the whole vEsophagus model is immersed
in a fluid box that include the fluid bolus inside the esopha-
gus. The proximal end of the vEsophagus is fixed with zero
outflow to account for the closed UES once the bolus is
inside the esophagus. For simulation set 1 and 2, the lower

Table A1. Specific physiological scenarios corresponding to each of the simulation cases

Case Number

Myotomy Dimensions

Physiological Scenario

aANwN

Case Number

NN~

0 N O O,

Case Number

1

Details

Simulation set 1: Pan-esophageal contraction, fully occluded EGJ
Length: 60 mm, width: 7 mm

Length: 90 mm, width: 7 mm
Length: 30 mm, width: 7 mm
Length: 60 mm, width: 4 mm
Length: 60 mm, width: 10 mm

Details

Simulation set 2

Peristalsis (normal), standard myotomy

Very weak contraction (achalasia I), standard myotomy

Pan-esophageal contraction (achalasia Il), standard myotomy

Proximal peristalsis transitions with distal spasm (achalasia ll),
standard myotomy

Peristalsis (normal), short myotomy

Very weak contraction (achalasia I), short myotomy

Pan-esophageal contraction (achalasia Il), short myotomy

Proximal peristalsis transitions with distal spasm (achalasia lll),
short myotomy

Details

Simulation set 3: group |

Standard myotomy length (6 cm); no EGJ tone; myotomy affected
zone walled by mucosa only; contraction type: normal
peristalsis

Standard myotomy length (6 cm); with an EGJ tone; myotomy
affected zone walled by mucosa only; contraction type: normal
peristalsis

Standard myotomy length (6 cm); with an EGJ tone; myotomy
affected zone walled by mucosa and weakened muscle layers
(the strength of the muscle fibers were reduced by 99% but the
matrix of the muscle layers were intact at the myotomy site);
contraction type: normal peristalsis

Short myotomy length (3 cm); no EGJ tone; myotomy affected
zone walled by mucosa only; contraction type: normal
peristalsis

Short myotomy length (3 cm); with an EGJ tone; myotomy affected
zone walled by mucosa only; contraction type: normal
peristalsis

Short myotomy length (3 cm); with an EGJ tone; myotomy affected
zone walled by mucosa and weakened muscle layers (the
strength of the muscle fibers were reduced by 99% but the ma-
trix of the muscle layers were intact at the myotomy site); con-
traction type: normal peristalsis

Physiological Scenario

Type Il achalasia with incomplete
myotomy or tight fundoplication

Physiological Scenario

EGJOO

Type | achalasia

Type Il achalasia
Type lll achalasia

EGJOO

Type | achalasia

Type Il achalasia
Type Il achalasia

Physiological Scenario

Long LHM with no fundoplication
in patient with EGJOO

Long LHM with tight fundoplica-
tion in patient with EGJOO

Partially healed esophagus after
long LHM with tight fundoplica-
tion in patient with EGJOO

Short LHM with no fundoplication
in patient with EGJOO

Short LHM with tight fundoplica-
tion in patient with EGJOO

Partially healed esophagus after
short LHM with tight fundoplica-
tion in patient with EGJOO

Simulation set 3: group I
POEM length: 12 cm; LM intact at Esophagus after POEM
the myotomy site while CM
fibers were broken, and CM
matrix strength reduced 100-
fold; with an EGJ tone; contrac-
tion type: normal peristalsis

CM, circular muscle; EGJ, esophagogastric junction; EGJOO, esophagogastric junction outflow obstruction; LHM, laparoscopic Heller
myotomy; LM, longitudinal muscle; POEM, Peroral endoscopic myotomy.
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end of the esophagus is also fixed to model the extreme sce-
nario of fully occluded EGJ. For simulation set 3, the lower
end of the esophagus is free to move. In all these simula-
tions, the sides of the esophagus do not have any constraint
and are free to move. We have imposed zero velocity bound-
ary condition at the upper surface of the fluid domain. The
same boundary condition was also imposed at the lower sur-
face for simulation sets 1 and 2. For simulation set 3, the
lower fluid surface has free outflow boundary condition. The
other four outer surfaces of the fluid domain for all these
simulations have free outflow boundary condition enforced.

vEsophagus Wall Properties

The wall of the vEsophagus was modeled as a composite
of hyperelastic materials with each layer composed of fibers
embedded in a matrix as shown in Fig. Al. The elastic behav-
ior of each layer is due to the combined influence of the
fibers and matrix. The material model used for the mucosal
layer is as follows:

mucosa mucosa mucosa
1\ = Vmatrix T lI’fiber ) (8)
C,
matrix. = > (h—1), 9)

2
gmucosa _ C1 ( i 1>
fiber 2 4 ’

Where Il = tl’(C), I‘rlnucosa — C . (amucosa ® amucosa)’ and amucosa
. . : : 2 mucosa mucosa
is the glrllclgs avector along the axial direction » Umatrix
and \I’fiber

(10)

are the total, matrix, and fiber strain energy
function of the mucosa, respectively. The matrix is modeled
as a Neo—Hookean material, and the fibers are modeled as a
bilinear model. C is the right Cauchy-Green tensor. In this
model, C, = 0.004 kPa and C; = 0.04 kPa.

The material model used for the muscle layers are as follows:
\l]muscle _ ( 1 1)

muscle muscle
matrix + \Iinber ’

C
muscle 2 (I — 1),

matrix — ) (12)
2
/ 1
muscle Cs3 I‘rln e 1
Viber =5 \= 5 1) (13)

where [uscle — ( ; (gmuscle g gmuscle) ' and gMuscle jg the unit
vector along the circumferential and axial direction for cir-
cular muscles (CMs) and longitudinal muscles (LMs), respec-
tively. |ymuscle, ymuscle - and ymUscle are the total, matrix, and
fiber strain energy function of the muscle layers, respec-
tively. The parameter ) induces a contraction in the muscle
fibers when X < 1. A lies between 0 and 1, with a smaller value
indicating a tighter contraction. The CM and LM are signifi-
cantly stiffer than the mucosal layer. In this model, C, = 0.4
kPa and C; = 40 kPa. Although we used the same strength for
the longitudinal and circular muscles fibers (C;), the net
strength of each muscle layer depends on both the strength
of the fibers and their orientation (as specified by amuscley,

Contraction Patterns

Based on the contractile behavior of the esophagus, it is pos-
sible to distinguish different esophageal motility disorders. A
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normal subject exhibits normal peristalsis. Patients with acha-
lasia type I do not show any prominent contractile behavior.
Patients with achalasia type II experience pan-esophageal
pressurization. Patients with achalasia type III have a huge
variability in the contraction pattern, but typically they exhibit
a combination of peristalsis in the proximal esophagus and
spasm in the distal esophagus. In order simulations, the con-
traction is implemented by specifying A. The mathematical
details of the different contraction patterns discussed in the
three simulation sets are described below.

Peristaltic contraction.

>Lperistalsis =
. L—
1 if t < ,
C
_ _ 14
1— doe 08—’ jf fopcbzzy ¥, (14)
C c C
. L— AL
1 ifr>=—2 4 2=
C C

where z = 0 at the distal end of the esophagus and z = L at the
proximal end, L is the length of the esophagus, c is the speed of
the peristaltic contraction, AL is the length of the contracting
segment, 1, is the amplitude of the activation parameter, and w
is a parameter that specifies the width of the Gaussian function
that controls the nature of the contraction. In our simulations,
we used A, = 0.4, c =200 mm/s, AL = 60 mm, and w = 15 mm.

Pan-esophageal pressurization.

}\panesophageal =
1 ifZ<0
2nZ
lfy(r)k,,{lfcos (%)] if 0 <Z<li,
1
_ o i
1-2y(t)%, if 2<z<2yy
L 2 2
ZTI(Z———[2> o h I I3
if c+hL<Z<z+hL+=,
1—y(t)% |1 + cos 2 2 Thessythtg
- if/i+1 +/3<Z
1 2 2 2= 3
(15)

where Z =L - z, 0 < y(t) < 1is the parameter that determines
the speed at which the pressurization occurs. [; and I3 are the
length segments at the proximal and distal ends of the
esophagus, where the maximal amplitude of the contraction
strength reduces to zero at the two ends. [, is the length seg-
ment at the center of the esophagus where the maximum
pressurization acts. %, is the amplitude of the contraction,
and in our simulations, we used A, = 0.85.

Proximal peristalsis with distal spasm.

To implement this contraction, we enforce Aperistai to the
proximal half of the esophagus with a reduction in strength
at the transition between the proximal and distal portions of
the esophagus. In the distal half of the esophagus, the value
of L is specified as follows:

)&spasm = mxpanesophagealv (16)

where o =1 [3 + sin (2”;?“)}, L, is the length of the distal

half of the esophagus, z, is the coordinate along the length of
the esophagus starting from the middle of the esophagus to
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its distal end, and n is the number of high spastic zones. In
our simulations, we have used n = 3. The maximum ampli-
tude of spasm in the distal esophagus was %, = 0.75. All the
simulations described in this paper correspond to specific
physiological scenarios. The details of these physiological
scenarios are provided in Table Al.
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