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Abstract

Background—Based on a fully coupled computational model of esophageal transport, we 

analyzed how varied esophageal muscle fiber architecture and/or dual contraction waves affect 

bolus transport. Specifically, we studied the luminal pressure profile in those cases to better 

understand possible origins of the peristaltic transition zone.

Methods—Two groups of studies were conducted using a computational model. The first studied 

esophageal transport with circumferential-longitudinal fiber architecture, helical fiber architecture 

and various combinations of the two. In the second group, cases with dual contraction waves and 

varied muscle fiber architecture were simulated. Overall transport characteristics were examined 

and the space-time profiles of luminal pressure were plotted and compared.

Key Results—Helical muscle fiber architecture featured reduced circumferential wall stress, 

greater esophageal distensibility, and greater axial shortening. Non-uniform fiber architecture 

featured a peristaltic pressure trough between two high pressure segments. The distal pressure 

segment showed greater amplitude than the proximal segment, consistent with experimental data. 

Dual contraction waves also featured a pressure trough between two high-pressure segments. 

However, the minimum pressure in the region of overlap was much lower, and the amplitudes of 

the two high pressure segments were similar.

Conclusions & Inferences—The efficacy of esophageal transport is greatly affected by muscle 

fiber architecture. The peristaltic transition zone may be attributable to non-uniform architecture of 

muscle fibers along the length of the esophagus and/or dual contraction waves. The difference in 

amplitude between the proximal and distal pressure segments may be attributable to non-uniform 

muscle fiber architecture.

Graphical Abstract

Correspondence: Neelesh A. Patankar, Department of Mechanical Engineering, Northwestern University, 2145 Sheridan Road, 
Evanston, Illinois, 60208, Phone: 847-491-3021, Fax: 847-491-3915, n-patankar@northwestern.edu. 

Specific author contributions:
W.K., N.A.P., J.E.P., and P.J.K. conceived research and designed simulations; W.K. and N.A.P. did computational work; W.K. and 
N.A.P. theoretically analyzed the results; W.K., N.A.P, J.E.P., and P.J.K. interpreted simulation results; W.K. drafted the manuscript; 
W.K., N.A.P., J.E.P., and P.J.K. edited and revised the manuscript.

Potential competing interests: John E. Pandolfino discloses consulting and educational association with Given Imaging and Sandhill 
Scientific. No relevant competing financial and other interests exist for other authors (W.K., P.J.K. and N.A.P.).

HHS Public Access
Author manuscript
Neurogastroenterol Motil. Author manuscript; available in PMC 2018 June 01.

Published in final edited form as:
Neurogastroenterol Motil. 2017 June ; 29(6): . doi:10.1111/nmo.13022.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abbreviated abstract

The effect of varied muscle fiber architecture on esophageal peristalsis was studied based on a 

fully-coupled computational model. Results show that helical fiber architecture featured lesser 

wall stress and higher distensibility. Non-uniform fiber architecture and dual contraction waves 

featured a pressure trough between two high pressure segments. The peristaltic transition zone 

may be attributable to non-uniform muscle fiber architecture and/or dual contraction waves.

Keywords

esophageal peristalsis; transition zone; esophageal myoarchitecture; esophageal manometry; 
computer simulation

INTRODUCTION

Esophageal peristalsis is a biophysical process that transfers food through the esophagus. 

Bolus transport results from the contraction of muscle fibers controlled by the nervous 

system, potentially affected by both esophageal myoarchitecture and the neural control 

mechanism. With respect to esophageal myoarchitecture, a recent study of the bovine 

esophagus reported that esophageal muscle fiber architecture, i.e. the muscle fiber 

orientation, is quite complex (1). Specifically, in the proximal esophagus, both layers of 

muscle fibers are helically aligned, referred to here as helical muscle fiber architecture. On 

the other hand, in the distal esophagus, the muscle fibers are circumferentially (inner) and 

longitudinally (outer) aligned, referred to here as circumferential-longitudinal (C-L) fiber 
architecture. We refer to the transitioning from one to another myoarchitecture (e.g. helical 

to C-L) as non-uniform fiber architecture. Note that previous studies of esophageal 

musculature are almost exclusively based on the C-L fiber architecture, probably due to its 

simplicity (2–6). The mechanical and physiological implications of helical and non-uniform 

fiber architecture are essentially unstudied. We hypothesized that varied esophageal muscle 

fiber architecture imparts unique characteristics on esophageal peristalsis. In particular, we 

hypothesized that non-uniform fiber architecture could be a contributing factor for the 

peristaltic transition zone and a luminal pressure trough between two segments of greater 

peristaltic amplitude. In addition we hypothesized that it could lead to greater peristaltic 

amplitude in the distal pressure segment than that of the proximal segment, as observed in 

clinical studies. The first group of studies reported here addressed this issue.
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The peristaltic pressure transition zone was initially reported as a locus of failed esophageal 

bolus transport by Kahrilas et al (7). Based on a mathematic model, Li et al. (8) reanalyzed 

the clinical data from Kahrilas et al. (7), and hypothesized the existence of two overlapping, 

but independent contractions as the genesis of the transition zone. Ghosh et al. (9, 10) 

studied normal and abnormal cases with concurrent high-resolution manometry and digital 

fluoroscopy. They reported that a luminal pressure trough between two high pressure 

segments was a uniform feature of esophageal peristalsis and labeled this as the pressure 

“transition zone”. Ghosh et al. (9) proposed dual contraction waves as the cause of the 

transition zone. Specifically, they proposed that an upper contraction wave (UCW) 

originated from the striated muscle in the pharynx and proximal esophageal body, and 

terminated in the transition zone. A lower contraction wave (LCW) was initiated distal to the 

UCW termination point in the smooth muscle in the lower esophageal body, and preceded 

by a short indentation wave (IW). Although these studies were based on clinical data, the 

underlying bio-physical cause of this unique pressure pattern remains speculative. Moreover, 

previous computer simulations by Li et al.(8) did not attempt to model the esophageal wall. 

The current model builds on this by integrating the esophageal wall, the bolus, and muscle 

activation into a single simulation. Furthermore, in our second group of studies, we 

simulated cases with dual contraction waves and extract detailed information on esophageal 

wall stress, bolus morphology, and the morphology of peristalsis during bolus transport.

MATERIALS AND METHODS

Model components

Our simulation studies are based on a recently developed computational model of 

esophageal transport (11), the second version of a fully-coupled esophageal model that 

incorporates more realistic behavior of the biological tissue, such as the interaction between 

connective tissue and embedded muscle fibers (12). In contrast, our first version (5) was 

limited to using a simple fiber network in characterizing the material behavior. The technical 

details of the fully-coupled model as well as related validation studies can be found in (11). 

The mathematical principles of the model are also briefly discussed in the Appendix. Here 

we summarize only the essential information relevant to the current study.

Most of the biophysical parameters used in these simulations are the same as in our previous 

model (5, 6) and can be found in the technical report (11). The esophagus was modeled as a 

multilayered deformable 18 cm tube, with its top end anchored in place and its bottom end 

free to move. We excluded the sphincters in the model. Initially, the proximal esophagus was 

distended by a swallowed liquid bolus. Distal to the bolus, the esophagus was at rest with a 

thin liquid film lining the lumen. The bolus was modeled as a Newtonian fluid with a 

viscosity of 10 centipoise and a volume of about 1 ml, within the range used in clinical 

studies (13). The specific problem we simulated was: How is the bolus transported to the 

distal esophagus after the muscle activation wave is initiated?

Anatomical model of esophageal wall: geometry and structure—Corresponding 

to histological data, the esophageal wall was modeled as a three-layered wall consisting of 

mucosa-submucosa (collectively called “mucosa”), circular muscle (CM) and longitudinal 
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muscle (LM) layers. Similar to previous model (5, 6), we deduced the thickness of each 

layer from ultrasound data reported by Puckett et al. (14). The thickness of each esophageal 

layer was deduced based on the conservation of cross-sectional area (CSA). The lumen 

radius at rest was 0.3 mm. The calculated thickness of mucosal, CM and LM layers were 3.8 

mm, 0.6 mm, and 0.6 mm, respectively. For the material property, in-vitro experiments have 

shown that each layer can be generally characterized as a fiber-reinforced material, i.e. a 

material with families of thin fibers embedded in the ground substance (15, 16). Specifically, 

the CM and LM consist of muscle fibers embedded in ground substance and the mucosal 

layer is composed of collagen fibrils embedded in connective tissue (15). The stiffness (or 

compliance) of each layer was characterized by the moduli of the fibers and surrounding 

tissue. Similar to our previous studies (5, 6), the moduli used for muscle fiber for both CM 

and LM were 4 kPa and the modulus used for the ground substance in both muscle layers 

was 0.4 kPa. The orientation of muscle fibers in CM and LM layers was varied as discussed 

in “Methods for case studies”. For the mucosa, we used moduli of 0.004 kPa for the 

connective tissue, and 0.04 kPa for a family of fibers running in the axial direction. This is 

because mucosa is highly buckled at rest (16), indicating its high compliance, especially in 

the lateral direction.

Muscle activation model—Experimental data have shown that both CM contraction and 

LM shortening are involved in esophageal transport (17–19). CM contraction and LM 

shortening originate from the sequential contraction and relaxation of corresponding muscle 

fibers, and normally occur in almost perfect synchrony (17–19). Our model “mimicked” the 

neurally controlled contraction/relaxation events by dynamically changing the rest stretch 

ratio of muscle fibers in the CM and LM layers. When the rest stretch ratio = 1.0, the muscle 

fiber is at rest or at relaxation; when the rest stretch ratio = 1.0 − a0, where 0< a0 < 1.0, the 

muscle fiber is in the contracted state. We refer to a0 here as the reduction ratio, which 

characterized the extent of fiber shortening in the contracted state. The active stress of 

muscle fiber increases with the modulus and with the reduction ratio. In all of the cases, we 

set the reduction ratio for both CM and LM muscle fibers as 0.4. We also used a Gaussian-

shaped spatial distribution of sequential muscle activation. Greater detail can be found in our 

previous reports (5, 11, 20).

Methods for case studies—Two groups of case studies were conducted. The first group 

studied esophageal transport with varied fiber architecture, motivated by the bovine 

esophagus data (1). It had 5 cases, as illustrated in Figure 1A. Case 1 adopted uniform 

circumferential-longitudinal (C-L) fiber architecture and case 2 had uniform helical fiber 

architecture with the helical angle at 60° relative to the CM. Case 3 had non-uniform-non-

smooth fiber architecture with an abrupt transition in the middle. Case 4 had non-

uniform-2cm-smooth fiber architecture with a 2-cm transition region in the middle and case 

5 had non-uniform-18 cm-smooth fiber architecture such that the fiber orientation smoothly 

transitioned from helical to C-L orientation.

The second group of studies examined esophageal transport with dual contraction waves 

(CWs) and an indentation wave (IW), motivated by the Ghosh et al study (9, 10). This is 

illustrated in Figure 1B. Approximating the values reported by Ghosh et al (10), we specify 
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a UCW that terminates at 5 cm, a 2-cm spatial jump between UCW and LCW, and a 1-cm 

IW. Case 6 had uniform C-L fiber architecture and Case 7 had non-uniform-non-smooth 

fiber architecture.

Software and visualization method—All cases were simulated using our in-house 

code built on the top of IBAMR (21) software, a parallelized code to simulate large systems 

involving fluid-structure interactions. For each case, we solved 100,000 time steps to 

advance the simulation of bolus transport by 2 seconds in physical time. The solution of 

each time step involved several million variables in both the fluid (i.e. the bolus) and the 

structure (i.e. the multi-layered esophagus). We ran our cases on the Northwestern 

University supercomputer, Quest; each simulation used 48 processors and took about 150 

hours. We used ‘Visit’ (22) for post-processing of simulation results to examine the 

esophageal wall stress, velocity and intraluminal pressure. We also used MATLAB (The 

MathWorks, Inc., Natick, Massachusetts, United States) to quantify detailed geometric 

information and luminal pressure along the axial direction.

RESULTS

Group 1 cases

Varied muscle fiber architecture—Figure 2A and 2B depicts the circumferential wall 

stress and axial bolus velocity of all the cases, at times 0.6 s and 1.0 s, respectively. 

Although all 5 cases in Group 1 resulted in successful bolus transport, the esophageal wall 

behavior was quite different. Case 1 with uniform C-L fiber architecture showed the greatest 

peak in circumferential wall stress, whereas Case 2 with uniform helical fiber architecture 

showed the least. Also evident in Figure 2A and 2B, cases with the helical configuration (2, 

3, 4, 5 and 7) led to more pronounced axial shortening. Finally, cases with uniform fiber 

architecture (1 and 2), showed minimal spatial variation in peak circumferential stress. In 

contrast, cases with non-uniform fiber architecture exhibited increased circumferential wall 

stress at time 1.0 s compared to time 0.6 s. These observations imply that contraction of C-L 

fiber architecture generates a higher wall squeezing stress, while the contraction of helical 

fiber architecture generates more pronounced axial shortening. Also, as expected, 

esophageal wall thickness is diminished in the bolus region due to distention and increased 

in the region where muscle contraction occurred (see, for example, Case 2 in Figure 2A).

The bolus profile was also affected by muscle fiber architecture. Contraction of helical 

muscle fibers tended to have a shorter and broader bolus region. Moreover, cases with non-

uniform muscle fiber architecture showed a distinctive change of bolus profile near the 

location where the muscle fiber architecture transitioned. The change was less abrupt with a 

longer transition region, as seen in Cases 3–5. The change of bolus profile relates to the 

change of both muscle fiber contractile force and esophageal wall distensibility. In 

particular, the helical fiber architecture featured a lower contractile force and higher 

esophageal distensibility, as seen from Cases 3–4 at time = 1.0s.

The space-time profiles for both luminal pressure and bolus CSA are plotted in Figure 3. 

The magnitude of luminal pressure reflects the squeezing strength from muscle activation, 

similar to high-resolution manometric measurement. The intensity of the purple shading in 
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Figure 3 indicates the spatial distribution and CSA of the moving bolus, analogous to 

fluoroscopy. Contrasting Cases1 and 2 exemplifies that helical muscle fiber architecture is 

associated with lower luminal pressure and a wider, shorter bolus region. Cases 3–5 

demonstrate that non-uniform muscle fiber architecture is associated with a pressure trough 

(transition zone) between two high-pressure waves. Comparing Cases 3–4 with Case 5, the 

pressure transition zone was more pronounced with a shorter region of muscle fiber 

transition. The transition zone was also associated with a wider bolus, (greater CSA) and 

bolus retention (residual bolus above the muscle contraction). Mechanically, this occurred 

because esophageal wall distensibility was low for the distal segment with C-L muscle fiber 

architecture and the squeezing force from the above helical muscle fibers was also low. 

Hence, the bolus tended to slow and grow laterally in the helical fiber segment.

Group 2 cases

Dual contraction waves—Cases 6 and 7 in Figure 2A and 2B illustrate the cases with 

dual contraction waves. Compared with Case 1, Case 6 showed segmentation of esophageal 

wall stress as a result of segmentation of muscle activation. This resulted in bolus retention. 

Mechanically, the spatial jump in muscle activation waves led to a loss of pumping force 

during that period. Case 7 with non-uniform-non-smooth fiber architecture showed even 

more pronounced bolus retention. This occurred because the variation of esophageal wall 

distensibility and contractile force associated with helical fiber architecture compounded the 

effect of the dual contraction waves.

The space-time profile for luminal pressure and bolus CSA for Cases 6 and 7 are shown in 

Figure 3. Compared with Case 3 and Case 4 in Figure 3, Cases 6 and 7 showed a loss of the 

pressure wave, instead of a pressure trough and both cases were associated with bolus 

retention. In particular, Case 7 showed a wider region of pressure loss with greater bolus 

retention.

DISCUSSION

The major finding from the simulations described in this study was that variations in 

esophageal muscle fiber architecture affected both the active (contractile) and passive 

(distensive) behavior of the esophageal wall. Specifically, we found that helical fiber 

architecture led to less circumferential wall stress during muscle fiber contraction, greater 

esophageal distensibility, and more pronounced axial shortening. More interestingly, cases 

with non-uniform fiber architecture (i.e. upper helical and lower C-L fiber architecture) 

exhibited a distinctive luminal pressure trough between two segments of greater peristaltic 

amplitude, similar to the clinically observed peristaltic transition zone (9). Moreover, cases 

with non-uniform fiber architecture also showed that the distal segment was of greater 

peristaltic amplitude than the proximal one, consistent with clinical observations.

Ultimately, the genesis of the peristaltic transition zone is unknown. A previous hypothesis 

proposed dual contraction waves of neurogenic origin. An attractive feature of that 

hypothesis is that it fits with the duality of esophageal musculature transitioning from 

striated in the proximal esophagus to smooth distally. Presumably, the striated muscle is 

under the control of the central nervous system as a continuation of the pharyngeal swallow 
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and the enteric nervous system generates the distal wave beginning at the transition zone. 

Electrophysiological experiments in baboons have demonstrated the proximal (striated 

muscle) contraction to be a function of a medullary pattern generator(23). Similarly, nerve 

transection and bolus deviation experiments demonstrate vagal control of the distal (smooth 

muscle) esophagus through the intervening myenteric plexus in opossum, monkey and 

humans(24). However, the current study adds the possibility of a myogenic origin as well, 

i.e. non-uniform muscle fiber architecture.

In addition, the two pressure segments typically do not show similar peristaltic amplitude. 

Clinical studies show that the distal pressure segment often has greater amplitude than the 

proximal one (see the last plot in Figure 3). This difference in amplitude has not been 

explained by the previous dual-wave hypothesis. Our simulations show that this difference 

may also be attributable to the non-uniform fiber architecture. In particular, the distal C-L 

fiber architecture generates greater peristaltic amplitude than the proximal helical fiber 

architecture.

Cases with non-uniform fiber architecture are based on the assumption that the human 

esophagus consists of a similar upper-helical and lower C-L fiber architecture as has been 

demonstrated with diffusion spectrum imaging in the bovine esophagus. If this assumption 

holds, we conjecture that the spatial variation of both muscle type and muscle fiber 

architecture of human esophagus contribute to the observed pressure transition zone. The 

spatial variation of muscle fiber architecture also contributes to the difference in the 

peristaltic amplitude between the two pressure segments. Future experiments to obtain 

muscle fiber architecture data from the human esophagus are needed to further substantiate 

that conjecture.

Ghosh et al. (10) studied patients with poor bolus clearance using concurrent high resolution 

manometry and digital fluoroscopy. They reported that bolus retention in the transition zone 

was associated with excessive spatial separation between the upper and lower pressure 

waves leading to low amplitude contraction in the transition zone. This is consistent with the 

observation from our modeling results, shown in Case 7 of Figure 3. This might be linked to 

discoordination between the proximal and distal neural control mechanisms governing the 

UCW and LCW.

Our computational model has limitations. First we modeled the wave speed of sequential 

muscle contraction as 10 cm/s, which is faster than normally observed. We did this to reduce 

the computational time required for these large-scale simulations. Second, we assumed that 

the active muscle tone is from the contraction of muscle fibers with the same stiffness as in 

the passive state. This may under-predict the magnitude of muscle tension and luminal 

pressure. However, we present our results and conclusions in such a way that they depend on 

the relative, but not the absolute magnitude of pressure. In all of our cases, we specified a 

sequential muscle contraction wave of constant magnitude to minimize the influence of 

muscle contraction strength on luminal pressure variation. However, a more realistic muscle 

contraction wave with varying strength, if known, can be easily incorporated into the model. 

Finally, we modeled esophageal mucosa as a compliant material. This is likely valid as an 

“effective behavior” in the low-distention realm with minimal esophageal distention where 
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the mucosa is highly buckled. The mucosal layer likely stiffens in the large-distention realm, 

for example, due to a larger bolus than modeled here or during balloon distention. This 

stiffening behavior of the mucosa may be the object of future studies.

In conclusion, based on a fully coupled computational model of esophageal transport, we 

found that varied muscle fiber architecture altered the characteristics of esophageal 

peristalsis. These are among the first studies to examine non-simplistic myoarchitecture as a 

determinant of complex physiological processes such as esophageal transport. Of interest, 

we found that helical muscle fiber architecture featured less circumferential wall stress, 

greater esophageal distensibility and more pronounced axial shortening. Non-uniform fiber 

architecture (i.e. proximal helical and distal C-L fiber architecture) featured a distinctive 

luminal pressure trough between two segments of greater peristaltic amplitude, similar to the 

clinically observed pressure transition zone (9). The amplitude of the distal pressure segment 

was greater than that of the proximal one, similar to clinical observations. Dual contraction 

waves also features a pressure trough between two greater amplitude peristaltic segments, 

but the minimum pressure in the region of overlap was lower and the amplitudes of the two 

pressure segments were similar. We conclude that the clinically observed transition zone 

may be partially attributable to non-uniform esophageal muscle fiber architecture in addition 
to dual contraction waves of neurogenic origin.
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LM longitudinal muscle

CM circular muscle

CSA cross-sectional area

C-L fiber circumferential-longitudinal fiber

UCW upper contraction wave

LCW lower contraction wav
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Appendix: mathematical information of the simulation model

Here we provide a brief discussion on mathematical information of the model for readers 

that have interests in the simulation techniques. We refer to our technique report (11) for 

more details, including related derivations, discussions and validations. The model is based 

on the immersed-boundary-finite-element method (11). The method adopts an Eulerian 

description of the momentum and continuity equations of the fluid-structure system (i.e. the 

bolus-esophagus system here), and a Lagrangian description of the deformation and stresses 

of the structure only (i.e. the esophageal structure here). The governing equations are as 

below,

(1)

(2)

(3)

(4)

(5)

(6)

(7)

Eqs. (1) and (2) are the momentum equation and continuity equations in the Eulerian 

description, where u and p are Eulerian velocity and pressure, respectively. ρ and μ are the 

uniform density and viscosity of the fluid-structure system. Eqs. (3)–(6) are fluid-structure 

interaction equations, in which fe and Fe are the Eulerian and Lagrangian elastic force 

density, respectively. Ue(s, t), χ(s, t) and Σ are velocity, position and the first Piola-Kirchhoff 
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stress of the structure, respectively. Eq. (8) is the stress equation that depends on the active 

and passive material model. Eq. (8) is a generic form, whose specific expression in this work 

is complicated in order to account for multiple active muscle contractions and fiber-matrix 

elasticity of the multiple-layered esophageal wall (see Section 4.1 in Ref.(11)). Details on 

the governing equations including its derivation can be found in Section 2 of Ref. (11).

As for the boundary conditions, the top of the esophageal structure is fixed in place to 

account for the physiological constraints. The inner and outer surfaces as well as the bottom 

of the esophageal structure are free from constraints, so that the esophageal dilation and 

contraction as well as esophageal shortening can be replicated by the simulation. To use the 

immersed boundary method, the whole esophagus is immersed in a background fluid box, 

which is also needed to describe the moving bolus. Corresponding to the boundary 

conditions of the esophagus structure, we specify zero-velocity boundary conditions on the 

top surface of the fluid box and traction-free boundary conditions on all the other surfaces. 

More details can be found in Section 4.1 of Ref. (11).

Our model includes two meshes, the Eulerian mesh and Lagrangian mesh. The Eulerian 

mesh adopts a Cartesian mesh. The mesh size in x and y direction is 0.2mm, and in 0.9 mm 

in z direction, as the esophagus is a very long and thick tube. This leads to around one 

million Eulerian cells. The Lagrangian mesh is based on finite element description. Three-

dimensional linear finite elements are used and a novel adaptive interaction quadrature rule 

is introduced to handle the fluid-structure interaction. More details can be found in Ref. (11). 

Validations studies including the dilation of a short thick tube and the dilation of a long thin 

tube are also included in the Ref.(11).
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Key Points

• The mechanical and physiological implication of helical fiber architecture and 

non-uniform fiber architecture, which more closely resemble observations, is 

essentially unstudied. Here we used computer simulations to study the effect 

of varied muscle fiber architecture on esophageal peristalsis.

• Helical fiber architecture featured lesser wall stress and higher distensibility. 

Non-uniform fiber architecture and dual contraction waves featured a pressure 

trough between two high pressure segments.

• The peristaltic transition zone may be attributable to non-uniform muscle 

fiber architecture and/or dual contraction waves.
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Figure 1. 
Illustration of the seven study cases for the Group 1(A) and Group 2(B). (A) Group 1: five 
cases of esophageal model (not to scale) that differ in fiber architecture. Notice the helical 

CM fiber orientation is 60 degrees with respect to the circumferential orientation. The 

helical LM fiber orientation is of 120 degrees with respect to the circumferential orientation. 

Case 1: Uniform circumferential-longitudinal (C-L) fiber architecture. Case 2: Uniform 

helical fiber architecture. Case 3: Non-uniform-non-smooth fiber architecture. The fiber 

orientation changes at the middle of the esophagus (i.e. z=9 cm). Case 4: Non-uniform-2cm-

smooth fiber architecture. Between 10 cm to 8 cm is a 2-cm transition region where the fiber 

orientation smoothly changes from the proximal helical to the distal C-L orientation. Case 5: 

Non-uniform-18 cm-smooth fiber architecture. Along the entire esophagus (i.e. 18 cm), the 

fiber orientation smoothly transitions from the proximal helical to the distal C-L orientation.
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(B) Group 2: two cases with multiple contraction waves. Three contraction waves that 

correspond to the study in Ghosh et al. (9, 10) are specified: upper contraction wave (UCW), 

lower contraction wave (LCW), and indentation wave (IW). UCW occurs in the proximal 5-

cm of the esophagus (i.e. 18 cm – 13 cm). LCW occurs in the distal 11-cm of the esophagus. 

LCM starts just when the UCW terminates. Preceding LCW is a 1-cm indentation wave 

(IW), which overlaps with the UCW in time. The speed of all three waves is specified as 10 

cm/s. Case 6: Uniform C-L fiber architecture with dual contraction waves. Case 7: Non-

uniform-non-smooth fiber architecture with dual contraction waves.
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Figure 2. 
Circumferential esophageal wall stress and velocity field of bolus in the plane y = 0 (i.e. x-z 

plane) for modeled cases. (A) Results at time t = 0.6s; (B) Results at time t = 1.0 s.
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Figure 3. 
The time-space profile of the luminal pressure and bolus CSA for all modeled cases and 

from a clinical manometry study. The luminal CSA indicates the bolus location. Luminal 

pressure magnitude indicates the active tone of muscle contraction.
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