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Introduction: The lower esophageal sphincter (LES) controls the passage into the stomach and prevents reflex of contents into the esophagus. Dysfunctions of this region typically involves impairment of muscular function, leading to diseases including gastro-esophageal reflux disease and achalasia. The main objective of this study was to develop a finite element model from a unique human LES dataset reconstructed from an ultra-mill imaging setup, and then to investigate the effect of anatomical characteristics on intraluminal pressures.
Methods: A pipeline was developed to generate a mesh from a set of input images, which were extracted from a unique ultra-mill sectioned human LES. A total of 216 nodal points with cubic Hermite basis function was allocated to reconstruct the LES, including the longitudinal and circumferential muscles. The resultant LES mesh was used in biomechanical simulations, utilizing a previously developed LES mathematical model based on the Visible Human data to calculate intraluminal pressures. Anatomical and functional comparisons were made between the Ultra-mill and Visible human models.
Results: Overall, the Ultra-mill model contained lower cavity (1,796 vs. 5,400 mm3) and muscle (1,548 vs. 15,700 mm3) volumes than the Visible Human model. The Ultra-mill model also developed a higher basal pressure (13.8 vs. 14.7 mmHg) and magnitude of pressure (19.8 vs. 18.9 mmHg) during contraction. Out of all the geometric transformations (i.e., uniform enlargement of volume, lengthening along the center-axis, dilation of the diameter, and increasing muscle thickness), the muscle volume was found to be the main contributor of basal and magnitude of pressures. Increases in length also caused proportional increases to pressures, while dilation of diameter had a less influential reverse effect.
Discussion: The findings provide information on interindividual variability in LES pressure and demonstrates that anatomy has a large influence on pressures. This model forms the basis of more complex simulations involving food bolus transport and predicting LES dysfunctions.
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1 INTRODUCTION
The human esophagus is a 25–30 cm long muscular organ connecting the pharynx to the stomach, and it allows passage of ingested food boluses through the lower esophageal sphincter (LES) (Mahadevan, 2020). Swallowing initiates “primary” peristaltic waves that begin orally and travel towards the LES. If the initial primary waveform is not enough to clear the bolus from the esophagus, then a “secondary” is initiated, prolonging peristalsis until the bolus is moved through the LES. Both primary and secondary waveforms are centrally mediated (Goyal and Chaudhury, 2008). The human esophagus transitions from straited muscles in the cervical region to smooth muscles in the thoracic region. The LES is comprised of tonic muscle that is different from the main esophageal body, and innervated by both inhibitory and excitatory neurons, forming a complex set of coordinated movements during swallowing (Goyal and Chaudhury, 2008). Clinical disorders of esophageal motility, such as achalasia and reflux, can be classified on the basis of disorders of the inhibitory and excitatory innervations and the smooth muscles (Paoletti et al., 2021; Savarino et al., 2022).
A number of techniques have been applied clinically to diagnose LES disorders. In addition to imaging modalities such as endoscopy, ultrasound, electrical impedance and video-fluoroscopy (Furlow, 2004; Krugmann et al., 2013; Wu et al., 2020), functional recordings such as pH monitoring have been applied to monitor acid reflux in the LES over an extended period (24 h) (Mitchell et al., 2001). Pressure recordings such as high-resolution manometry involving water-perfused or solid-state pressure sensors provide detailed pressure profiles of esophageal contractions (Nayar et al., 2005; Fox and Bredenoord, 2008). Alternatively, multichannel intraluminal impedance has also been applied to measure the change in the impedance during swallowing, by alternating currents between pairs of electrodes on a specialized catheter in contact with the esophageal lumen (Tutuian et al., 2003). An advantage of measuring impedance over multiple locations is that it allows for the detection of bolus movement in both directions, irrespective of pH, making it capable of detecting both acid and non-acid refluxes.
In addition to measurement methods, advances in computation and visualization techniques have been critical to the effective processing and interpretation of various measurements. Finite element method (FEM) based mathematical models of the LES have been developed based on realistic human anatomy to simulate intraluminal pressure development and/or fluid dynamics (Yassi et al., 2009; Du et al., 2016; Acharya et al., 2021). Nicosia and Brasseur proposed a model based on distinctive passive and active components of circular muscle tension within the upper esophageal sphincter during bolus transport (Nicosia and Brasseur, 2002). The authors utilized video-fluoroscopy data and approximated the esophagus as a 3D-cylinder, and simulated the deformation based on the recorded intraluminal pressures. Other modeling studies have investigated the biomechanics behind the “buckling” of mucosal fold in the esophagus and suggested its importance in maintaining the normal esophageal function (Liao et al., 2007). A previous study utilized Visible Human male data to reconstruct the LES for biomechanical analysis (Yassi et al., 2009). The model predicted that the LES produced a resting pressure of 13.43 mmHg and a peak pressure of 33.30 mmHg. The inclusion of crural contribution, said to be 56% of the pressure contribution in literature, led to higher pressures of 25.8 and 61.24 mmHg, a closely matching 53% pressure contribution (Yassi et al., 2009).
The main objective of this study was to create an anatomically realistic model of the human LES from imaging data. A secondary objective was to compare the intraluminal pressure developed of the new model to the existing LES model (Yassi et al., 2009). The results of this study would determine the impact of LES anatomy on functions and improve the reliability of the simulation results.
2 METHODS
Existing high-resolution images of the human LES were used to reconstruct the anatomical model (Yassi et al., 2010). The LES specimen was taken from a cadaver, and imaged using an ultra-mill setup with the cross-section of the sample imaged sequentially by milling at a depth of 50 µm and staining the top surface with May Grunwald solution (Gerneke et al., 2007; Yassi et al., 2010). The images were taken at 8.2 µm/pixel resolution by an 8-megapixel camera, and the resulting images were 7000 × 5816 pixels and covered a field of view of 58 cm × 48 cm. The images were later segmented to distinguish between the longitudinal and circumferential muscle layer arrangements in the LES (Zifan et al., 2017) (Figure 1A). The LES was reconstructed from the ultra-mill dataset (i.e., the Ultra-mill model) and compared against an existing benchmark model (i.e., the Visible Human model) (Yassi et al., 2009).
[image: Figure 1]FIGURE 1 | Image segmentation and anatomical model development based on an ultra-mill image dataset of human LES. (A) Lateral view of the human LES region, generated through ball pivoting algorithm surface reconstruction performed on the data cloud. (B) A data cloud of points obtained from node selection. (C) Demarcation of the nodes from the selected points around a segmented section.
2.1 Anatomical model development
The segmented ultra-mill images were further processed using MATLAB (2021a, MathWorks, Natick, MA, United States). In order to allow a fair comparison with the Visible Human model (Yassi et al., 2009), the segmented ultra-mill images were grouped as LM and CM layers (Figure 1C). A 2D logical array was created from each merged image sequentially by tracing the outline of the tissues and then filling in any remaining holes in the image. For each image, the centroid of the tissue was obtained, and then 8 straight lines originating from the centroid were drawn at equidistant angles from the horizontal line. The intercepts of these lines with the wall boundary were taken as data points for the mesh (Figure 1B). In order to be consistent with the Visible Human FEM mesh setup (Yassi et al., 2009), nine slices at equal distances in the z-direction were sampled, from which a total of 216 node points were obtained (24 points per sampled image slice; 8 from serosal surface, 8 from LM/CM interface, 8 from the mucosal surface), with derivatives updated based on the data cloud (Oberhofer et al., 2019).
Cubic Hermite basis functions were used to ensure derivative continuity between the elements. The outcome was a smoothed 3D mesh with derivatives and nodes arranged at 45° intervals from the in-plane centroid of the LES lumen (Figure 2C). As the muscularis layers consist of an outer LM layer followed by an inner CM layer, the fiber directions were separately assigned for both layers.
[image: Figure 2]FIGURE 2 | Anatomical models of the Ultra-mill and Visible Human meshes, and their simulation setups. (A) The setup of the previously developed Visible Human model (Yassi et al., 2009). (B) The Visible Human model cavity mesh. (C) The equivalent LES model reconstructed from the Ultra-mill dataset. (D) The Ultra-mill data cavity mesh. Boundary conditions are visualized as spheres. Green spheres are fixed in all directions. Red spheres are a grouping of nodes fixed in either the x-z or y-z directions. Applied boundary conditions help to reduce torsion, while allowing contraction.
A rigid intra-luminal cavity mesh was introduced to simulate the pressure change in the LES model, as previously described (Yassi et al., 2009). The elements were organized as wedge shaped elements with cubic Hermite basis functions forming an intraluminal cavity mesh, as shown in Figures 2B, D. In the present study, the cavity mesh was formed from the same nodes as the inner layer of the LES mesh, with the addition of a centerline of nodes. The centerline was created from the centroids of all image slices except the most proximal layer and the two most distal layers.
2.2 Simulation setup
The Guccione transversely isotropic constitutive relation was applied to model the mechanical properties of the muscularis layers of the LES (Guccione et al., 1991). The constitutive law models the mechanical behavior of a tissue in 3D and also includes the resistance to shear. The strain-energy density function of this constitutive relation takes an exponential form as follows,
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where,
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The properties of the LM and CM layers were described by five material parameters (i.e., C, C1-C4), the values of which (i.e., 1, 5, 195, 185, and 0.1, respectively) were based on previously reported values (Yassi et al., 2009), from which a perturbation analysis was performed by increasing the value of each parameter independently by 100% in 25% increments (Appendix 1).
Contractions of the LES muscles were modeled by adding an additional term to the passive stress tensor in the following equation,
[image: image]
where J is the determinant of deformation tensor, W is the stain energy function, and p is the hydrostatics pressure term. The M and N terms are the normal of the surface and directions of the forces respectively. The extra terms altered the T component of the Cauchy stress tensor to include the active tension generated by the fiber (Hunter et al., 1998), which was assumed to occur in the direction of the main axis of the fibers and that the transverse and shear strains had no effect on the active tension generated by the muscles. T denotes a calcium-dependent Hill equation as follows,
[image: image]
where Caactn is a dimensionless parameter in the range of 0–1 representing the activation level, Camax is the calcium concentration required for maximum activation, and c50 is the intracellular concentration that gives 50% of the maximum activated tension. In addition to the calcium concentrations, the model depends on its muscle fiber extension ratio λ. The muscle fiber extension ratio is calculated by dividing the current length of the fiber by the resting length. Tref is the tension developed when λ is one and at maximum Caactn. [image: image] is a constant with no units, and h is the coefficient of the Hill equation. The previously reported parameter values were adopted for this investigation (Tref = 100 kPa, β = 1.45, h = 3, Camax 1 mM) (Yassi et al., 2009).
To prevent the translation of the intraluminal cavity mesh, the bottom nodes were fixed in all directions. This step ensured that the contraction of the esophagus would cause the region to travel orally, as reported in the literature (Winans, 1972). Furthermore, to prevent significant torsional effects from occurring, the nodes highlighted in red were fixed in either the x-z or y-z directions as shown in Figures 2A, C. The shared intraluminal nodes between the cavity and LES meshes were coupled and free to move in all directions. The material property of the cavity mesh was set to rigid, such that any stress applied to its surface would directly translate to a change in pressure. An incompressible mesh would mean that the pressures applied to the cavity elements would not cause any deformation of the elements themselves and would directly translate to an increase in pressure. Ordinarily, an incompressible inner mesh would prevent the model from contracting altogether. To counteract this, one of the centerline nodes was designated the “valve node” and was given free movement in the z-direction, as shown in Figures 2C, D. This setup allows for limited deformation of the GEJ mesh while allowing the monitoring of pressures. The remaining centerline nodes were fixed to help maintain the shape of the LES.
Simulations of the GEJ model were carried out using a single Intel Xeon Gold 6524 3.1 GHz 18C/36T with 2 TB memory. Numerical simulations were all carried out using the CMISS software package. The Newton-Raphson method was used to acquire the solution iteratively, and a full update of the solution was performed at each iteration of the method. Numerical convergence of the setup and mesh was provided in a previous study (Yassi et al., 2009).
Three simulations were performed to compare the intraluminal pressure profile between the Ultra-mill model and the Visible Human model over a full activation cycle (i.e., Caactn from 0 to 1 in 0.04 increments). The basal pressure was taken at Caactn = 0.45, in keeping with the assumption that the basal pressure is usually taken at 45% of the time taken to reach pressure during manometric recordings (Yassi et al., 2009). To further explore the impact of anatomy on the intraluminal pressure development, four perturbation studies on the Ultra-mill model were performed: 1) uniform enlargement of volume, 2) lengthening along the center-axis, 3) dilation of the diameter, 4) increasing muscle thickness, all of which were performed by applying a constant scaling factor from 1 to 2 in 0.25 increments.
3 RESULTS
3.1 Anatomical comparisons between the ultra-mill and visible human models
The anatomical differences between the Ultra-mill and Visible Human LES models are illustrated in Figures 3A, B. While the general shape of the Ultra-mill model is roughly straight, the Visible Human model has an obvious bend. The distal end of both models, where the LES transitions into the cardia of the stomach, was dilated compared to the midsection of the Visible Human model (200%) and Ultra-mill model (170%). The Ultra-mill model was also smaller than the Visible Human model, possessing a smaller average width (6 ± 2 vs. 8 ± 2 mm), shorter centerline length (24.5 vs. 48.3 mm), and smaller cavity volume (1,796 vs. 5,400 m3). In addition, the Visible Human model has noticeably thicker LM and CM walls, which resulted in a comparatively higher muscle volume (15,700 vs. 1,548 mm3), as shown in Table 1.
[image: Figure 3]FIGURE 3 | Visual comparison between the two anatomies. (A) The previously developed Visible Human LES mesh (Yassi et al., 2009). (B) The LES mesh made from the ultra-mill dataset. (C) Comparison of the average radius of both meshes along their normalized lengths.
TABLE 1 | Anatomical comparisons between the two geometries.
[image: Table 1]When the radius was normalized along the centerline of the two models (Figure 3C), there is a noticeable narrowing in the midsection of the Visible Human model, which is not present in the Ultra-mill model. It can be observed that the Visible Human model is much wider at the beginning of the oral end, being more than twice the width of the Ultra-mill model (9.6 vs. 4.0 mm). Distal to 50% along the normalized centerline, the gradients of the two curves began to follow a similar trend, increasing quadratic relationship until the cardia end, by which point the two models seem to share similar radii when measured from their innermost nodes (12.1 vs. 10.1 mm), which suggests that a large part of the differences in cavity volume is due to the differences in length between the two models.
3.2 Comparison of intra-luminal pressure development
Both models underwent post-contraction shortening at the esophageal end (Figures 4A, B), where the upper section post-contraction anatomy was noticeably deformed compared to the undeformed mesh. This effect was more pronounced in the Visible Human model but was also present in the Ultra-mill model. Additionally, the contraction was less uniform in the Ultra-mill model, with lesser contraction along the centerline in the longitudinal direction. There was also an increase in the diameter near the upper esophageal end to compensate for this shortening. Conversely, at the cardia end, the Ultra-mill model shrank radially along the curvature. The shrinkage was present in the equivalent regions of both models despite the difference in their anatomies. The pressure profiles of the two model followed a similar relationship. However, the Visible Human model produced basal resting pressure than the Ultra-mill model (13.8 vs. 14.7 mmHg). The difference between the basal and peak pressures are similarly scaled, Ultra-mill model exhibiting a larger difference (19.8 vs. 18.9 mmHg).
[image: Figure 4]FIGURE 4 | Comparison between the post-contraction behavior of both models. The contracted geometries are visible as greyscale superpositions of the undeformed orange meshes. (A) The Visible Human mesh before and after contraction. (B) The Ultra-mill meshes before and after contraction. (C) The pressure development profiles of the two anatomies over range of muscle activation levels.
3.3 Effect of LES anatomy on intraluminal pressure
The volume of the LES had a minor impact on the intraluminal pressure development profile of the Ultra-mill model (Figure 5B). It is important to note that in Figures 5B–D, 6, the basal pressures were offset to 0 in order to allow a clearer comparison between the different transformations. When the volume was increased uniformly by a scaling factor, intraluminal pressures were increased proportionally over the full contraction cycle. By doubling the volume, the intraluminal pressure was increased by 2 mmHg (6%) compared to the baseline at the end of the contraction cycle.
[image: Figure 5]FIGURE 5 | The effect of geometric transformations applied to the Ultra-mill geometry on pressures developed. (A) A graph of the basal pressures obtained from the transformed meshes over the cavity volumes associated with their transformations (i.e., The x axis of the length trace is the cavity volume of the lengthened mesh, while the y-axis is the basal pressure obtained from the transformed mesh). (B–D) The changes to pressure development over the range of muscle activation levels tested resulting from geometric transformations including (C) width, (D) length and a combination of the two defined as (B) volume. Geometric transformations are scaled by the factors located on the right-hand side of each trace (i.e., trace 1.25 on graph (D) would be a mesh lengthened to 1.25 times the length of the Ultra-mill mesh).
[image: Figure 6]FIGURE 6 | The effect of increasing wall thicknesses on the Ultra-mill geometry pressure development. The wall thicknesses in this test case were made uniform instead of scaling by a factor like in previous tests. The uniform wall thickness is given in mm by the values on the right hand side of each trace.
To further differentiate the impact of geometries on intraluminal pressure development, only the length was increased by a scaling factor, and the pressure was proportional to the level of increase over an activation cycle (Figure 5D). By doubling the length, the intraluminal pressure was increased by 5.3 mmHg (15%) compared to the baseline at the end of the contraction cycle. On the other hand, when only the diameter was increased, the intraluminal pressure at the end of the contraction cycle was significantly reduced compared to the baseline (Figure 5C). By doubling the diameter, the intraluminal pressure was decreased by 5.9 mmHg (17%) compared to the baseline at the end of the contraction cycle. It is therefore plausible that the dilation of the lumen of LES had a more significant impact on the intraluminal pressure towards the end of the contraction cycle than the length increase. However, it is also important to note that the increase in cavity volume was not the same between the different transformations (Figure 5A). Relative to uniform dilation of volume, the length had more of an impact on pressure development over a smaller range of volume change than increase in circumference.
Out of all the anatomical considerations, muscle thickness had the most significant impact on amplitude of intraluminal pressure development, as shown in Figure 6. For example, when using a muscle thickness of 2 mm, the intraluminal pressure was increased by 67 mmHg (101%) compared to a 1 mm thickness mesh. Increasing the wall thicknesses also caused large increases to the basal pressure developed, compared to the other transformations. The magnitude of increase amounted to 4 kPa/mm of wall thickness added to both muscle layers.
4 DISCUSSION
This study investigated the impact of anatomy of human LES on intraluminal pressure development. To achieve this, a finite element LES model based on a unique ultra-mill dataset was developed and compared against an existing LES model based on the male Visible Human dataset (Yassi et al., 2009). The main finding was that, compared to the Visible Human model, the Ultra-mill model produced a higher intraluminal pressure at every point during an active contraction cycle, likely due to anatomical differences between the two models. Furthermore, perturbation studies of the Ultra-mill LES model anatomy revealed that changes in the length had a more significant impact on intraluminal pressure development than width or volume. Although a one-to-one comparison between muscle thickness and other geometric transformations was not practical as cavity volume did not change, the muscle wall thickness appeared to have the most impact on both basal pressure and the absolute amplitude of intraluminal pressure development.
There were several prominent differences between the shapes of the Ultra-mill and Visible Human anatomies in terms of curvature, length, muscle volume, and radius. These differences could be attributed to a combination of factors, such as, inter-individual variability, preparation method, and state-of-tissue. The most obvious difference was the absence of curvature and cardiac notch in the Ultra-mill model (Figure 3), which could not be simply attributed to the amount of cardia tissue included in the model. The most likely factor was the presence of surrounding tissue. The Ultra-mill specimen was fixed in a vertical direction by pins to a cage during the preparation procedure. Despite the surgeon’s best efforts to mimic its in vivo state of the Ultra-mill model, the lack of surrounding cavity structures would have altered its anatomy from its true in vivo state.
Another notable factor was the different fixing methods applied, the Ultra-mill specimen was fixed in wax and then milled (Yassi et al., 2010), whereas the Visible Human specimen was cryo-sectioned (Spitzer and Scherzinger, 2006). The two methods required different timeframes to complete and could have had different effects on the specimens. The timing of preparation could be another important factor in the anatomical difference between the two models.
The differences in anatomies between the two models led to difference in intraluminal pressure development. With all the other parameters being equal, the Ultra-mill model produced higher pressures than the Visible Human model (Figure 4), while the profile of development was consistent between the two models. The impact of anatomy was further explored by altering the volume, length and diameter of the Ultra-mill model (Figure 5). By enlarging the cavity volume of the model radially the intraluminal pressure was reduced at the end of the contraction cycle (Figures 5B, C), which is consistent with physical principle. On other hand, lengthening the model led to greater increase actual muscle volume so the intraluminal pressure was higher as the model was lengthened (Figure 5D). These anatomical considerations on intraluminal pressure are especially relevant for the pathophysiology and treatments of hiatal hernia (Fuchs et al., 2021), which includes both anatomical and functional changes that may result in a negative feedback loop that further deteriorates LES functions and increases GERD symptoms.
The importance of individual muscle layer activation was investigated previously (Yassi et al., 2009), so the present study focused on the impact of total muscle thickness on intraluminal pressure development, which had the greatest impact out of all the anatomical considerations (Figure 6). In this case, it was likely that the passive-resistive forces started to become significant due to larger strains being produced. Higher strains from thicker muscular walls may induce greater stresses in the radial direction, increasing stresses applied to the cavity mesh, which could have contributed to the increase in the gradient of pressure to the wall thickness and the observed trend.
There are a number of limitations that warrant further discussion. Although a constitutive law of specifically LES tissue inclusive of shear resistance has yet to be described, experiments could be conducted to estimate the appropriate parameters for the material law employed in the present study (Guccione et al., 1991). More suitable governing equations of electro-mechanical coupling of esophageal smooth muscles could also be adopted (Nicosia and Brasseur, 2002), and while the tissue described by the model was not an exact match, it would be a closer presentation than a cardiac constitutive model. More tissue specific parameter values would also allow better prediction of the biomechanical deformation under various physiological conditions. However, this should be done after a more vigorous analysis of the sensitivity of those parameters, which was missing in the present study due the limited choice of the constitutive law. Another limitation of the current approach is the indeterminacy of the LES region between the datasets used. Without determining the detailed anatomical features of muscle fibers and/or functional measurements, it was difficult to determine the exact position of the LES in both the Ultra-mill and the Visible Human models, and therefore made exact one-to-one comparison between the two models challenging. This was most significant when considering the effects of length and cavity volume on the pressure developed. Length and volume factors were also influenced by the difference in the tissue preparation methods between the data sets. Alternative imaging techniques, such as MRI (Roy et al., 2012), and micro-CT (Vegesna et al., 2013), could provide further functional and detailed micro-structural information of the LES for modeling investigations, and statistical meaningful comparisons between different states. Finally, a larger data set of similar tissue acquisition methods would allow for the validation of the model. A principal component analysis could be performed on the anatomies to determine the defining characteristics of LES anatomies and their relation to pressure. The anatomies could then be grouped by their characteristics, potentially allowing the pressure response of each model to be determined without performing individual biomechanical analysis. Such an approach would significantly improve the clinical applications of the biomechanical model by expediting the process of getting patient-specific analysis.
In conclusion, a subject specific LES model was reconstructed from a unique ultra-mill dataset and compared against a benchmark model. Differences in anatomies and the resultant changes in intra-luminal pressure development were observed. With more tissue-specific material laws and parameters, the models could be refined and applied to inform the pathophysiological impact of LES abnormalities and predict the outcomes of surgical interventions.
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APPENDIX 1 
TABLE A1 | The effect of changing the parameters of the strain energy equation was investigated.
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Perturbation analysis of the sensitivity of the material parameters in Eq. 2.2. Base values of C,_ are 5, 195, 185 and 0.1 respectively.






