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                                 Abstract
This chapter presents a patient specific decision support system for helping surgeons in endoprosthetical tracheal surgery. The system is based on a set of 3D finite element numerical simulations of the human trachea during swallowing with and without prosthetic insertion. The associated code uses the constitutive behavior derived from a set of experimental and histological tests performed for its main components: smooth muscle and cartilage. A complete set of numerical results is derived from those simulations using a parametric approach relying on a robust design of experiments and on a automatic mesh adaptation process. These results feed a tool for statistical analysis of human swallowing without and with prosthesis that, together with the response surface method, allows getting a set of response functions for the most important variables of the problem (displacements and principal stresses) for every point of the trachea in terms of a set of patient-specific parameters that define the geometry of the trachea and prosthesis. This provides the thoracic surgeon a fast, accurate and simple tool for predicting the stress state of the trachea and the reduction in the ability to swallow after implantation thus helping in taking decisions during pre-operative planning of tracheal interventions. This tool is also useful for performing patient specific studies of pathological swallowing and for the design of new types of prostheses.
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                                        1 Introduction
One of the main tools for surgical intervention in many types of application (orthopaedics, vascular, respiratory or digestive systems) are endoproshteses, both permanent or temporary. They have been considered as a real breakthrough in less invasive treatments, with an incredible rate of success [1, 2]. However, its generalized use for every patient still implies complications [3, 4]. Therefore, a careful planning of the associated surgery before the intervention is needed to decide the type, size, location, angulation and method of insertion of the endoprosthesis for each specific patient with the objective of ensuring a proper fixation, minimizing short and long-term damage in the tissues and, of course, to get the correct functioning of the organ, as well as to minimize the duration of the operation and postoperative recovery. The many parameters involved in this type of surgery and the associated outcomes have made the surgeon experience the main (and usually unique) tool for taking such decisions in pre-operative planning. In the last years, however, and thanks to the continuous improvement of testing protocols and computer simulation, Biomechanics in general, and computational Biomechanics, in particular, have become powerful tools for prosthesis design, tissue behaviour simulation, biological process modelling, and pathologies follow-up [5–7]. In addition, computer simulation allows checking new hypotheses for biological systems, establishing new lines of experiments and formulating new theories and lines of thinking for complex biomedical phenomena [8].
In this context, many medical problems associated with surgery, trauma, and rehabilitation have been identified, conceptualized and numerically solved [9, 10]. It is true that studies “in vivo” allow a more objective valorisation of traumatic disorders as well as the effects of the different methods used in their treatment, but, alternatively, numerical simulation permits studying biomechanical problems in normal and pathological circumstances caused by traumatisms or degenerations provoked, for example in the trachea, by a prosthetic implantation or growth of granulomas.
One of the main difficulties of simulation within Biomechanics is the extreme complexity of the behaviour of biological materials. Indeed, there is not a sufficiently contrasted database for modelling the behaviour of tissues like those forming the human trachea (the cartilaginous tissue or the smooth muscle), which are still subject of multiple studies due to their special characteristics of heterogeneity, anisotropy and non-linear stiffness, as well as to the relation with age, loads and particular anatomy of each individual. In addition, the geometrical no-linearity that always lead to large displacements and finite strains and the problems associated to complex contacts between organs or between organs and prostheses have to be also taken into account [11]. Despite these complexities, the development of accurate constitutive models has permitted, nowadays, to model the behaviour of biological materials with reasonable accuracy within Finite Element frameworks, thus gradually improving the ability to simulate real clinical situations, including the variation of factors that change from one patient to another.
One of the clinical fields in which surgical planning has become a real need is tracheal surgery. Tracheal stenosis, which is the most common tracheal injury [12], can be considered as a pressure necrosis sometimes caused by a tracheotomy intubation with unsuitable pressure. Prolonged ischemia and infection cause necrosis of the tracheal wall and deterioration of the cartilaginous structure through formation of granulation tissue [13]. Many methods are available to treat tracheal stenosis as tracheal dilation, excision, anastomosis or reconstruction, but after treatment, the stenosis may reappear (recidives) especially if it was longer than two centimetres [13–16]. In 1964 and thanks to Montgomery [17], tracheal stents were invented with the objective of creating a support on which the lesion scar can be modelled, and then removed once the scaring process is stabilized. Since then, the stents have had an unceasingly evolution, from the simple tube design to much more complex geometries [18, 19], and from the static silicone stent to the dynamic or expandable metallic stents [20–22]. These interventions, however, can bear, in the post-operating period, many problems such as migration of the stent, development of granulation tissue at the edges of the stent with overgrowth of the tracheal tissue, or accumulation of secretions inside the prosthesis. The most popular stents used in the management of tracheal obstructive lesions are probably the silicone ones, and in particular the Dumon stent (Novatech; Aubagne, France) [19], which is considered to be the most effective airway stent presently available due to its low cost and safety [23, 24].
Despite the clinical interest of the implantation of tracheal stents, most of the works have been focused on obtaining experimental and clinical results of tracheal stents insertion [12–26]. There are few studies on the stent-tracheal tissues interaction based on computational models. In addition, most of the numerical studies have been based on analytical models, simulating an isolated tracheal ring formed by cartilage and muscular membrane [27]. A finite element model of the lamb’s windpipe was constructed to predict the behaviour of the trachea before airway ventilation treatment [28]. Gustin [29] analyzed the influence of endotracheal prosthesis implantation through an axisymetric FE model. Wiggs et al. [30] presented a finite element model without the cartilaginous structure to analyse the mechanism of mucosal folding that occured after smooth muscle shortening and which explains the difference in airway narrowing between asthmatic and control airways.
The most common clinical consequence after endoprosthesis implantation is the formation of granular tissue at the ends of the endoprosthesis. Despite the more than 100 models of stents available [18], the problem of formation of granulation tissue in the tracheal wall surrounding the implant has not been resolved yet [21]. Therefore, the objective of this chapter is to describe a decision support system based on experimental, numerical and statistical surveys with a first clinical verification that may help the thoracic surgeon to choose the position and appropriate dimensions of the prosthesis for each patient in an optimal time, with the objective of reducing the damage generated in the living tissues after placement of the implant. With this aim, we analyzed the mechanical behaviour of the main constituents of the human trachea to perform computational models reproducing its functional behavior under physiological conditions and after prosthetic implantation. Among the movements that trachea carries out, swallowing seems to drive harmful consequences for the tracheal tissues surrounding the prosthesis. Swallowing is a complex movement which varies from one person to another, and depends on many physiological parameters. These parameters have a huge influence on the ascendant displacement of the trachea (swallowing capacity), and on the muscular force exerted by each individual to achieve the swallowing movement. When a prosthesis is inserted, additional factors intervene in these values and on the stress state of the trachea during swallowing. This is the reason why we have concentrated in analyzing the effect of prosthesis implantation into the biomechanical behaviour of the trachea during swallowing, performing several numerical simulations, based on physiological tracheal geometries of specific individuals and their real swallowing trajectories.
This chapter consists of an introduction and four sections distributed as follows: Sect. 2 exposes the histologies made on the principal tissues of the trachea (cartilage and the smooth muscle) and the protocols of the uniaxial tensile tests performed to characterize the passive properties of these tissues. The mechanical properties of the silicone of the Dumon stent are also described. Section 3 describes the different steps for obtaining patient swallowing trajectories, tracheal and prostheses finite element models, and the different boundary conditions and materials used to perform the simulations; in Sect. 4 the simulation results both for physiological and pathological swallowing (with the Dumon prosthesis and the Mongomery T-tube) are presented. Swallowing simulations of several real patients with tracheal geometries adapted to each case are performed and clinically validated to justify those computational results. Section 5 includes a statistical study of the human swallowing in presence of the Dumon prosthesis. A code for mesh adaptation to patient-specific geometries was implemented and used to complete a robust experimental design with the aim of detecting the main factors influencing the stress state of the trachea and its capacity to swallow. The results derived from that statistical study are compared to those of the finite elements simulations. The decision support system developed to optimize cost, effort and time for planning tracheal prosthesis implantation is finally presented.


2 Experimental Characterization of the Mechanical Passive Behaviour of the Tracheal Tissues
To characterize the mechanical behaviour of a living tissue, two techniques are usually needed: histology, to analyze the underlying structure, and mechanical testing, to get the actual constitutive behavior. Among the several tissues that form the trachea, the cartilage rings and the smooth muscle are the principal components responsible for the global mechanical behaviour of this essential component of the respiratory system. The mechanical function of the cartilaginous structure is to maintain the trachea open during the respiratory movements supporting the inter-thoracic pressure. The contraction of the smooth muscle and the transmural pressure generate bending in these cartilages, collapsing them to regulate the air flow by modulating the diameter of the airway.
The mechanical characteristics of the human trachea have not been completely determined. Few studies have been made to better understand the behaviour of its components [31–33]. With respect to the cartilage, in some of these works it is considered as a non-linear material displaying higher strength in compression than in extension [33], but in most of them, the isolated tracheal cartilage ring is considered as a linear elastic material [34, 35]. In Rains’s work [36], the stress-strain relations obtained from slices of human tracheal cartilage were considered linear for deformations up to 10% of the initial length of the samples. In fact, negligible hysteresis and no residual strain were found in specimens tested up to a maximal applied strain of 10%. Beyond this limit, strain hysteresis and residual strain increased progressively [31]. The same assumption was used by Kempson [37], where the response of the articular cartilage was considered linear for deformations up to 5% of the initial length of the samples. This hypothesis was also used in several analytical models [27, 38], as well as in some finite elements simulations [28, 39].
With respect to the mechanical properties of the tracheal muscle, most of the developed works dealt with its plasticity, stiffness and extensibility. Gunst et al. [40] treated the effects of its length on the stiffness and the extensibility at contractile time activation. Cumin et al. [41] analyzed its mechanical response to oscillatory conditions and Stephens et al. [42] analyzed the influence of the temperature on the force-velocity relationships. However, none of them analyzed the mechanical properties of this membrane that makes possible the collapse of the rings and therefore the pressure balance inside the trachea.
In this section, a histological analysis was made on cartilaginous and muscular tracheal samples taken from an individual aged 46 to relate the microstructure of the different tissues with their mechanical behaviour. Then, the experimental tests carried out for cartilage and smooth muscle samples are described. Cartilage rings obtained from the autopsy of individuals aged 79 and 82, without tracheal pathologies were tested using a cyclic uniaxial tensile test confirming their quasi-linear behaviour. Uniaxial quasi-static tensile tests on human tracheal smooth muscle were also made to characterize its passive response along the two preferential directions of anisotropy corresponding to the two orthogonal families of muscle fibers confirmed in the histology. The obtained experimental curves were then analyzed and the material parameters that appear in the Holzapfel strain-energy density function [43] were fitted, thus considering this material as non-linearly hyperelastic.
2.1 Tracheal Histology
In order to choose an appropriate constitutive behavior for the different tissues, related to their actual microstructure, a histological study of both the cartilage rings and smooth muscle was made on samples cut from the human trachea of an individual aged 46 with no tracheal disorder. Muscular samples and cartilaginous rings were conserved in formol, fixed first in formalin 10% during 24 h at room temperature and then in \(70^{\circ}\) alcohol. The samples were next embedded and cut in slices of \(5\;\mu{\hbox{m}} \) thickness in the required directions. Then, they were dyed with different compounds such as Haematoxylin and eosin (to see nucleic acids and ergastoplasm), Masson and Van Gieson’s Trichrome stain (to see connective tissues and fibers). After dehydration, the samples were observed using an inverted microscope (Axiovert 40 CFL-ZEISS). The histology demonstrates that cartilage is arranged in an interlaced network of fine fibrils of collagen oriented towards the surface and become dispersed and disorientated once they approach the center of the cartilage (Fig. 1). This was clearly described by Roberts et al. [32] in their study on the ultra-structure of the human cartilage.
Fig. 1[image: figure 1]
Human cartilage histology. It can be seen that there is not a clear orientation of the collagen fibers. a X10, Haematoxylin and eosin stain: nucleus in black and rest of cells in purple. b X40, Masson’s Trichrome stain: nucleus in black and collagen in blue. c X20, Van Gieson’s Trichrome stain: nucleus in black and collagen in red
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              Referring to samples of smooth muscle, cuts in the longitudinal and transverse directions demonstrate the existence of two families of muscle fibers. Figure 2 shows clearly how these fibers are oriented in the two cutting directions, being the transversal family the thicker and stronger and inserted at the level of the cartilage edges to create a transverse connection between them, so that their contraction bends the cartilage, altering the cross-section of the trachea [44] according to the functional needs. On the other hand, the weaker longitudinal fibers are important in other movements of the trachea such as swallowing [44].
Fig. 2[image: figure 2]
Histology of human tracheal smooth muscle. The two directions of fiber bundles: one running longitudinally and other orthogonally are seen in both pictures. a Transverse cut of the human smooth muscle, X10 Van Gieson’s Trichrome: muscle fibers in red. b Longitudinal cut of the human smooth muscle, X2 Haematoxylin and eosin: muscle fibers in red. c Longitudinal cut of the human smooth muscle, X10, Haematoxylin and eosin, fibers in pink. d Transverse cut of the human smooth muscle, X10, Haematoxylin and eosin stain, fibers in pink
                      


Full size image


              2.2 Experimental Characterization of Tracheal Mechanical Properties
Fibered soft tissues are usually modeled as incompressible, non-linearly hyperelastic materials, being their constitutive behavior derived in isothermal processes, as is usually the case, from the definition of an appropriate local strain-energy density function \(\Uppsi\) at each point X, that depends on both the local deformation tensor (the Green C or Lagrange E tensors are usually used in finite strain formulations) and the directions of the different fiber families, each defined by a unit reference vector \({{\mathbf{a}}}_{0}^{i}\) that identifies the initial preferential direction of each fiber bundle i [45, 46]. For incompressible or quasi-incompressible materials as soft tissues, a decoupled form of the strain-energy density function is usually stated. In fibered materials this may be written as:

$$ \Uppsi({\mathbf C}, {\mathbf A^{i}})=\Uppsi_{vol}(J)+\overline{\Uppsi}({\mathbf C}, {\mathbf A^{i}})=\Uppsi_{vol}(J)+\overline{\Uppsi}(\overline{I}_{1}, \overline{I}_{2},\overline{I}_{4}^{i}) $$

                    (1)
                

where \(\Uppsi_{vol}\) and \(\overline{\Uppsi}\) are scalar functions describing the volumetric and isochoric responses of the material, respectively. \(\overline{I}_{1}\) and \(\overline{I}_{2}\) are the standard invariants of the right Cauchy-Green tensor C associated with the isotropic material behavior, and the pseudo-invariant \(\overline{I}_{4}^i\) characterizes the constitutive response of the fibers on the direction (i).

$$ \overline{I}_{1}=tr({{\mathbf{C}}}) $$

                    (2)
                


                $$ \overline{I}_{2}={\frac{1}{2}} [(tr({{\mathbf{C}}}))^{2}-tr({{\mathbf{C}}}^{2})] $$

                    (3)
                


                $$ \overline{I}_{4}^i= {\mathbf{\overline{C}}}: {\mathbf{A}}_{\bf i} $$

                    (4)
                


                $$ {\mathbf{A}}_{\bf i}= {{\mathbf{a}}_{\bf 0}^{\bf i}}\otimes \mathbf {a}_{\bf 0}^{\bf i} $$

                    (5)
                


              From the tensile tests on human tracheal cartilages up to 5% of strain, quasi-linear experimental curves of stress-stretch were obtained (Figs. 3 and  4); therefore an elastic neo-Hookean model was used to fit the experimental data. In this case, the isochoric strain energy density function is defined as:

$$ \Uppsi_{iso}(\overline{I}_{1})=C_{10}(\overline{I}_{1}-3) $$

                    (6)
                

where \(C_{10}>0\) is a stress-like material parameter (fitted from the experimental curves).
Fig. 3[image: figure 3]
Stress-stretch curve obtained in a cyclic tension test performed on the central part of the second human tracheal ring. a Stress-stretch curve obtained from a cyclic test performed on the central part of the human tracheal ring. b Loading part of the stress-stretch curve obtained from the tensile test performed on the human tracheal cartilaginous ring
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                Fig. 4[image: figure 4]
Experimental cartilage curves and Neo-Hookean regression of the mean. a Curves of tensile tests on human tracheal cartilage. b Curves of tensile test on human tracheal cartilage and the mean. c Neo-Hookean regression of the mean of the experimental cartilage curves: \(\hbox{C}_{10}=0.557\,\hbox{MPa}, E=3.334\,\hbox{MPa},\)
                        \(\nu=0.494\) and R = 0.999
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              Referring to the smooth muscle, and considering the results of the histology which determined the existence of two orthogonal families of fibers, the exponential Holzapfel strain-energy density function [47] was used.

$$ \begin{aligned} \overline{\psi}\bigg(\overline{I}_{1}, \overline{I}_{2}, \overline{I}_{4}^1,\overline{I}_{4}^2\bigg) =\,& C_{10}(\overline{I}_{1}-3)+{\frac{k_{1}} {2k_{2}}}\bigg\{\exp\bigg[k_{2}\bigg(\overline{I}_{4}^1-1\bigg)^{2}\bigg]-1\bigg\} \\ &+{\frac{k_{3}}{2k_{4}}}\bigg\{\exp\bigg[k_{4}\bigg(\overline{I}_{4}^2-1\bigg)^{2}\bigg]-1\bigg\} \end{aligned} $$

                    (7)
                

where the isotropic behavior of the smooth muscle matrix is described by the first neo-Hookean term; \(k_{1}\) and \(k_{2}\) are constants related to the first family of fibers, and \(k_{3}\) and \(k_{4}\) correspond to the second family (all these parameters will be determined by fitting the Holzapfel’s exponential function [45, 48] to the experimental results). In the next lines, we explain the mechanical testing protocols and the experimental results obtained to compute these material parameters that will be subsequently used in the numerical simulation.
The samples taken from human tracheas were conserved in a 0.9% physiological saline solution and stored at \(-70^{\circ}\hbox{C}.\) The postmortem autolysis was minimized by immediate freezing of the tissue and by performing the tests soon after the samples were thawed. For the mechanical tests of the cartilage and the muscle, pieces of sandpaper were bound to the samples to avoid sliding between the tips of the samples and the clamps of the tensile machine. To determine the initial positioning of the sample and to calibrate the video-extensometer, two references were drown on the central part of the samples as markers for the longitudinal deformation measurement [47]. The tracheal tissues were mounted in an Instron MicroTester 5,548 machine to perform the tensile tests, with a precision of 0.0001 N and 0.001 mm in force and displacement respectively. An Instron video-extensometer with an Elecentric focus of 55 mm able to collect data at 10 Hz was used to register the longitudinal deformation between the two markers. During the test, the humidity and temperature were maintained constant to avoid the dehydration of the biological tissues in order to reproduce their natural environment. Ten samples of cartilage were tested after dissecting them from the surrounding perichondrium and soft connective tissues. From each cartilaginous ring only the straight central part was conserved to neglect the curvature of the ring. The specimens of the cartilage measured \(2.1\pm0.3\; \hbox{mm}\) in thickness, \(6.6\pm3\; \hbox{mm}\) in length and \(6\pm3.5\; \hbox{mm}\) in width. The distance between the two reference points was about \(3.6\pm0.7\; \hbox{mm}.\)
              
Regarding the tracheal smooth muscle, samples were cut in transverse (5 samples) and longitudinal directions (5 samples). As done for the cartilage samples, the same protocol for calibration and test preparation was followed. The distance between the reference dots in the muscular tissue was \(4.2\pm0.47\; \hbox{mm}\) for the longitudinal samples and \(3.84\pm0.97\; \hbox{mm}\) for the transversal ones. The dimensions of the longitudinal muscular samples were \(1.2\pm0.77\;\hbox{mm},\; 14.66\pm3\;\hbox{mm}\) and \(6\pm3.5\; \hbox{mm}\) for length, width and thickness, respectively. Those along the transversal direction were \(1.62\pm0.2\; \hbox{mm},\; 12.42\pm1.73\; \hbox{mm}\) and \(5.22\pm1.04\; \hbox{mm}\) respectively.
For the cartilages and muscle tissue, different testing protocols were performed. For cartilage, samples were preconditioned 5 times under a speed of 0.2 mm/min until a deformation of 1% of the initial length of the sample, and then a cyclic test was accomplished at a constant speed of 0,1 mm/min until getting a deformation of 5% of the initial length of the samples, at room temperature. The imposed strain rate makes reference to the one used by Korhonen in his tests on articular cartilage [49]. For the smooth muscle, as the mechanical behavior is different, the samples were first preconditioned by applying 10 cycles at a rate of 3 mm/min until a 5% of deformation, and then monotonically tested at 1 mm/min until getting 20% of deformation. This loading protocol is similar to the one performed by Holzapfel [47] to test the smooth muscle of coronary arteries.
As a result of the experimental study, Fig. 3 illustrates the experimental curves obtained from the cyclic tests made on the central part of tracheal cartilage rings. It can be observed that, during the loading step, the cartilage has a quasi-linear response, but when unloaded, some hysteresis is noticed. This is explained by the intervention of water which provides this visco-elastic behavior to cartilage during relaxation. The cartilage rings work under strains well below the value of 5%, so only the loading phase (Fig. 3b) until this strain of 5% was taken into account. A code was implemented in Matlab 7.1 to get the mean of all cartilage curves for the same level of stress. The value of \(C_{10}\) in Eq. 6 (see Fig. 4) was then computed for this curve getting a value of \(C_{10}=0.56\,\hbox{MPa}.\) The relationship between the Neo-Hookean fitting and the experimental mean stress-strain curve was then assessed by means of the Pearson’s correlation coefficient, resulting into a value of \(R=0.99\) (Fig. 4). Assuming elastic behavior and quasi-incompressibility, the corresponding value of the total Young modulus was computed as 3.33 MPa.
Regarding the tracheal muscle, the histology revealed two orthogonal families of fibers (Fig. 2). In order to characterize its passive mechanical properties, two steps were made: once the matrix stiffness \(C_{10}\) was computed, the longitudinal and transverse fiber’s parameters \((k_{1},\; k_{2},\; k_{3}\; \hbox{and}\; k_{4})\) were estimated. From the experimental data, the means of the transverse and longitudinal curves were obtained (Figs. 5, 6), and the linear range (in our case up to 5% of strain) that essentially characterizes the behavior of the matrix was chosen. In this range, a linear fitting was applied to the mean curves using the Neo-Hookean strain-energy density function to determine the stiffness of the matrix \(C_{10}.\) The mean of the obtained transversal and longitudinal stiffnesses was \(C_{10}=0,877\,\hbox{KPa}\) (Fig. 7). To characterize the anisotropic behavior of the muscle, the means of longitudinal and transversal muscle curves were fitted using the Holzapfel strain-energy density function adapted to a material with two families of fibers (Fig. 8). The “fminsearch” function available in Matlab \(\circledR\) v7.1. was used for this fitting process. For the longitudinal direction, the parameters of the Holzapfel strain-energy density resulted \(k_{1}=0.154\,\hbox{KPa}\) and \(k_{2}=34.157,\) while for the transversal direction, the values of these parameters were \(k_{3}=0.347\,\hbox{KPa},\) and \(k_{4}=13.889\)
                \((R=0.999)\) (Fig. 8).
Fig. 5[image: figure 5]
Experimental curves of the human tracheal smooth muscle and mean curves obtained by uniaxial extension tests along the longitudinal (L) direction. a Experimental curves of longitudinal human smooth muscle cuts (L). b Mean of the experimental curves of longitudinal human tracheal smooth muscle cuts (L)
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                Fig. 6[image: figure 6]
Experimental curves of the human tracheal smooth muscle and mean curves obtained by uniaxial extension tests along the transversal (T) direction. a Experimental curves of transverse human smooth muscle cuts (T). b Mean of the experimental curves of transverse human tracheal smooth muscle cuts (T)
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                Fig. 7[image: figure 7]
Neo-Hookean fitting of the strain interval 0–5% along the longitudinal (L) and transversal (T) directions of the mean experimental curves: \(C_{10}(L)=0.684\,\hbox{KPa}\) and \(C_{10}(T)=1.074\,\hbox{KPa}\)
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                Fig. 8[image: figure 8]
Regression of the longitudinal (L) and transversal (T) mean curves using Holzapfel’s function: \(C_{10}=0.877\,\hbox{KPa},\; k_{1}=0.154\,\hbox{KPa},\;k_{2}=34.157,\; k_{3}=0.347\,\hbox{KPa},\;k_{4}=13.889\) and \(R=0.999\)
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              Finally, some of the many limitations of this work deserve to be mentioned. All soft biological tissues are viscoelastic to some extent. However, in this case, its mechanical behavior was simplified to be purely hyperelastic. Cartilage rings in the trachea are very rigid elements (the physiological strain range is well under 5%) that bend under muscle contraction, being negligible the contribution of its biphasic nature to the overall behavior of the trachea. Also, the uniform directional dispersion of the collagen fibers in tracheal cartilage rings drove us to use an isotropic Neo-Hookean model homogenizing the overall stiffness of both matrix and fibers. The value obtained for the equivalent Young Modulus, assuming incompressibility, for cartilage rings was E = 3.33 MPa which is in the range found in the literature. For instance, Lambert et al. [35], using a photographic technique, reported that the elastic modulus was in the range between 2.5 and 7.7 MPa for human cartilage tracheal rings. Rains et al. [31] performed tensile tests of tracheal cartilage samples to examine the hysteresis behavior of this material, getting elastic moduli from \(1.8\pm2.1\) to \(15\pm5.1\,\hbox{MPa},\) depending on the age of the patient. Roberts et al. [32] tested samples of cartilage from different depths of the tracheal rings obtaining a range of variation from 1 to 20 MPa.
Regarding the tracheal muscle, the histological analysis showed that the matrix is mainly composed of two orthogonal families of fibers, fact that was only occasionally mentioned [44] but not considered in other studies made on this tissue [28, 50, 51]. The longitudinal fibers stiffen the tissue during movements like swallowing, while the transversal ones work mainly during breathing and coughing. In order to investigate the non-linearity of the tracheal smooth muscle on the two directions of fibers, the Holzapfel strain energy function was used to fit the experimental data. As far as the authors knowledge, this is the first study performed in the human tracheal muscle; only Sarna et al. [50] developed similar studies for canine tissue. In their work, different non-linear material models were considered to study the muscular contraction, but their conclusions cannot be extrapolated to our case not only due to the different species but also because they measured the mechanical behavior making artificial contraction with a very high strain rate.
Only tracheal samples from elder people were analyzed, when it is known that biological tissues loose water and collagen with age changing the mechanical properties, so an experimental campaign with a wider range of ages should be performed to get age-independent conclusions. Regarding the range of deformation, the cartilage was tested only in tension up to 5%; in this range, a quasi-linear behavior was obtained. To generalize the constitutive law to other strain intervals, including collapse of the tracheal rings, additional tests for a wider range of deformation should be performed [33]. For the tracheal smooth muscle, only its passive behavior under quasi-static conditions was investigated. It would be important to include viscoelasticity and perform biaxial tests to better approximate the anisotropy and the combined contribution of the two families of fibers. Moreover, there is a large dispersion in the experimental curves, fact that can be related to using samples from different individuals. Therefore additional tests would be necessary to draw more accurate conclusions. Despite these limitations, the results presented herein have to be seen as a first approach to characterize the behavior of the human tracheal tissues, thus improving our understanding of the mechanical properties of tracheal cartilage and smooth muscle, and allowing reproducing the physiological tracheal behavior by means of computational models.


3 Description and Construction of the Finite Element Model
3.1 Reference Geometrical Model
In this section, a complete FE model of the human trachea based on the previous experimental study of the mechanical behaviour of the principal tracheal constituents: cartilage and smooth muscle, is presented. The first step to build such a model corresponds to defining the geometry. For the reconstruction of the physiological geometry of the human trachea, DICOM files provided by the Hospital Virgen del Rocío in Seville (Spain), derived from a Computational Tomography of a 70 years old healthy man, were used. From these files, a sweeping of transversal cut images in several superior regions of the patient (head and thorax) was obtained. The first step in any image analysis is the segmentation process, that is the identification of the boundaries of the organs under study and the interfaces between different tissues and structures. The accuracy of this segmentation depends on the specific application and the quality of the images available [52]. In our case, the images provided a clear picture of the internal cavity of the trachea filled with air (Fig. 9a). The detection of the outer surface and therefore the thickness of the wall was not that easy. For this reason, a non automatic segmentation of the CT scan was accomplished to determine the real geometry of the trachea and to distinguish between the muscle membrane, with lower density, and the cartilaginous structures (thyroid, cricoid and rings) with higher density. MIMICS software [53] was used for this purpose, getting a complete 3D geometrical model of the trachea that will be subsequently used in our numerical simulations.
Fig. 9[image: figure 9]
Construction of the 3D finite element model of the human trachea. a Segmentation and 3D-extrusion of the external and internal surfaces of the airway using MIMICS 10. b Polylines that define the shape of the external and internal airway membranes. c External and internal tracheal surfaces IGES files
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              Slight variations of the tracheal thickness are usually detected along the tracheal axis (starting from the third cartilaginous ring after the cricoids), with an average of 3 mm. Consequently, we decided to use the segmentation of DICOM images defining the internal surface of the trachea and obtain the external one by an offset equal to the constant thickness obtained from the cartilage structure. The segmented geometry such defined was then stored in a file written in STL format that defines the surfaces in terms of a mesh of triangles. This STL file was subsequently translated into IGES format (Initial Graphics Exchange Specification) and also to a neutral format that allows digital interchange between CAD systems (Fig. 9). Rhinoceros software [54] was used to make this conversion from STL to IGES. This IGES file of the external and internal tracheal surfaces was then used to construct a structured finite element volume mesh with hexahedral elements (see Fig. 10b), using PATRAN (MSC, Santa Ana, USA), a well-known standard pre and post finite elements processor. IDEAS (Integrated Design and Engineering Analysis Software, Siemens, PLM, Plano, USA) was used to define the different groups corresponding to the different components of the trachea. The final complete model is composed of 28,350 finite elements (8,100 quadratic shell elements corresponding to the surfaces and 20,250 hexahedral elements) subdivided in 5 groups: external and internal membranes, the tracheal smooth muscle, the cartilaginous rings including the cricoids and thyroid, and finally the annular ligaments (see Fig. 10). This first geometrical model of the human trachea, considered as the referential one, measured around 130 mm in length, 3 mm in thickness and had 14 mm of internal diameter (mean values); it was composed of 20 cartilaginous rings in alternation with 20 annular ligaments, the cricoids, the thyroids, the smooth muscle and the internal and external membranes.
Fig. 10[image: figure 10]
Construction of the 3D finite element model of the human trachea. a Tracheal anatomy [55]. b Structured hexahedral tracheal mesh. c Different groups constituting the human trachea
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              The objective of this numerical approach is to analyze the influence of the implantation of a tracheal endoprosthesis in the overall behaviour of the trachea. Therefore, the prosthesis has to be accurately located inside the tracheal wall. Influenced by his own profesional experience, the thoracic surgeon decides which kind of prosthesis is most suitable for each patient. Nowadays, the most common and used prostheses are the silicone ones, mainly the Montgomery T-tube and the Dumon endoprosthesis. There are different designs for the tracheal Dumon endoprosthesis [19] as the TD and TF Dumon Tracheal Stents; nevertheless their geometry is usually close to a simple cylinder with several diameters and lengths [18]. The prosthesis diameter has to be large enough to fit inside the trachea remaining fixed to the wall avoiding its migration. Since our aim is focused on the behaviour of the trachea, this prosthesis was then approximated by a simple cylindrical surface (small thickness compared to the tracheal one: 1 vs 3 mm) with length and diameter derived from the commercial catalogue of NOVATECH DUMON tracheal and bronchial stents [24]. This simple geometry was then easily meshed by means of IDEAS employing bilinear quadrilateral shell elements (1,600 Elements) (see Fig. 11). In the reference model, a length of L = 50 mm and a thickness of e = 1 mm were used, while the diameter “d” is adapted to the patient tracheal diameter D through the process explained in the next section.
Fig. 11[image: figure 11]
Dumon endoprosthesis geometrical model. a Dumon prosthesis. b Meshed geometrical model
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              The same approach and similar simplifications were also used to model the Montgomery T-tube. This prosthesis consists of two perpendicular branches, the main one (I) fits to the interior of the trachea while the second one (II) is used to maintain the incision open for air exchange with the outside. The dimensions of the Montgomery T-tube geometrical model were taken from the Bostom Medical’s catalog (see Fig. 12b). The geometrical model was approximated by two perpendicular cilyndrical surfaces. The longest one with 60 mm in length (principal branch) was meshed with 1,362 bilinear quadrilateral shell elements (see Fig. 13). The orthogonal tube (secondary brach E) had 12 mm in length. Both branches cross just at the mid-length of the principal brach. The length of the stent is generally cut to adapt the specific geometry of patient’s trachea and stenosis. To avoid problems of convergence caused by excessive distortion of the finite elements, the geometrical final diameter of the hole (incision) \(\hbox{D}_{2}\) was fixed to 8 mm regardless of the patient, which represents the smallest dimension (F) (see Fig. 12) of the T-tube’s Montgomery catalog. To obtain the geometrical model of the perforated trachea to introduce the Montgomery T-Tube, the same geometrical model of the healthy trachea was used. This model was then perforated on its frontal face between the second and the third cartilaginous rings, where surgeons usually make the incision. The diameter of the perforation was chosen equal to the diameter of the Montgomery tube (II) F = 8 mm (see Fig. 13) [56]. As the lines used to generate the internal and external surfaces are parallel to the tracheal axis, the presence of holes perturbs the continuity of the surfaces and make finite element meshing complicated. To solve this problem, the surfaces were divided in parts, separately “meshable” and then joined to the rest of the surfaces node by node (see Fig. 14). PATRAN was used again to mesh the geometrical model of the perforated trachea (see Fig. 13), which was finally composed of 16,795 elements (11,800 hexaedral elements and 4,995 membrane elements).
Fig. 12[image: figure 12]
Boston medical products catalogue of the montgomery T-tube [56]. a Montgomery T-tube. b Catalogue of the montgomery T-tube
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                Fig. 13[image: figure 13]
Mesh of the perforated trachea and a T-tube implant
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                Fig. 14[image: figure 14]
Process to obtain a meshable geometry of the perforated trachea
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              3.2 Process of Mesh Adaptation
Since the principal objective of this work is the development of a tool for surgeons to predict the consequences of implantation of a tracheal prosthesis in a specific patient, it is necessary to create patient specific meshes in an automatic manner. With this aim, an automatic adaptation process of the reference mesh described above was implemented.
From the CT images of each patient trachea, STL files for the tracheal inner and outer surfaces are automatically obtained using the ALMA 3D software [57]. Then, the CVMLCPP free code (open-source C++ software library (LGPL)) [58] is used to voxelize the two surfaces of the trachea. The CVMLCPP code voxelizes a given geometry of triangles and stores the voxel representation in a 3D-matrix. In our case, voxelization of the internal and external surfaces is performed independently in two cubes of voxels with dimensions \(128\,\times\,128\,\times\,256.\) These voxelized geometries will be the “templates” to adapt the original referential mesh obtained as described in the previous section. After several attempts, to make the adaptation process easier and more efficient, a smoothing process was applied to that original model preserving the geometry of the tracheal section. The thyroidal cartilage is the biggest irregularity of the referential model, so some modifications were made to soften the structure maintaining the same lumen section. To adapt the original geometry to the specific dimensions of a patient, the trachea reference length was scaled. Since, the voxelized Z dimension (principal tracheal axis) consists of 256 voxels, 256 slices (0.6 mm average) are considered to compare the sections of the two geometries in each (X, Y) plane. In each of these slices, every node of the referential geometry is translated in the (X, Y) plane to adjust its position to that of its reciprocal point in the patient-specific geometry, thus keeping the total number of nodes for each Z section (see Fig. 15). The obtained adapted geometry usually presents geometrical irregularities from one slice to the other. To avoid such problem that may cause mesh element distortion, the (X, Y) coordinates of the section center of gravity in each cut are adjusted to the mean of the coordinates of the section centers of the anterior and posterior slice. This process of voxelization and geometry adaptation is done for both internal and external surfaces separately, so, although these two surfaces have almost the same principal axis (centers of gravity of the corresponding cross-sections), due to the voxelization is process, these section-centers may differ by a small value. Therefore, at the time of joining the two surfaces of the trachea, the sections-centers of the external surface are moved to the ones of the internal surface considered then as the master one.
Fig. 15[image: figure 15]
Voxelization and process of mesh adaptation. a Voxelization of the internal surface of the original model. b Voxelization of the internal STL file of the patient trachea. c In a section slice, (X, Y) displacements are applied to each node of the reference section to adapt it to the target section. d Final coincidence of the original and patient-specific tracheal sections
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              This process of mesh adaptation is made through an in house computational code implemented in \(C^{++}\) that preserves the same hexahedral structural mesh, same element labels, node labels, groups of elements (cartilaginous structure, smooth muscle, annular ligaments, internal and external membranes) (see Fig. 16). After completion of this surface adaptation process, the difference in coordinates for each mesh node between the referential and the target geometries are saved in a text file. Using these values as imposed boundary displacements, the whole volumetric mesh of the referential trachea is analyzed using the commercial code ABAQUS, getting the final position of the internal nodes of the relaxed final model from the computed displacements of those nodes and, with it, the adapted patient-specific tracheal geometry (see Fig. 16). It is important to remark again that we have a bijective mapping between any mesh in nodes (labels and topological location), elements, materials and groups that will be essential in the statistical analysis described in the following sections as well as in the response surface method used to approximate the mechanical variables associated to each point of the tracheal domain.
Fig. 16[image: figure 16]
Some examples of mesh adaptation
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              3.3 Materials: Constitutive Models and Parameters
To obtain a numerical model that fits the mechanical behaviour of the human trachea, the results of the previous experimental study were used [59]. To recapitulate, the Young modulus (E) of the human tracheal cartilaginous structure was estimated by tensile tests up to 5% of deformation while histology demonstrates that tracheal cartilage is a material in which the collagen fibres are randomly distributed. So an elastic isotropic material with a Young Modulus E = 3.33 MPa and a Poisson coefficient \(\nu= 0.49\) were finally considered to be introduced in our model. Referring to the smooth muscle, and considering the results of the histology which determines the existence of two orthogonal families of fibres, the Holzapfel strain-energy density function, adapted to two families of fibres and quasi-incompressible materials, was used. The corresponding exponential function was fitted to the experimental data, and \(k_{1},\;k_{2},\;k_{3}\) and \(k_{4},\) the constants related to the first and second family of fibres, were computed. For the longitudinal direction, the parameters of the Holzapfel strain-energy density function (SEDF) resulted \(k_{1}=0.154\,\hbox{KPa}\) and \(k_{2}=34.157,\) while for the transversal direction these values were \(k_{3}= 0.347\,\hbox{KPa}\) and \(k_{4}=13.889.\) To characterize the behavior of the matrix, data up to 5% of strain of the smooth muscle curves were linearly fitted using the Neo-Hookean strain-energy density function and a value for \(C_{10}\) of 0.877 KPa was obtained (see Sect. 2 and [59]). Therefore, an anisotropic model with two orthogonal families of fibers is proposed to approximate the tracheal smooth muscle behaviour being this the model used in our computational model of the human trachea.
Since the final goal of this work is to construct a valid tool for thoracic surgeons, computationally efficient, some additional simplifications regarding the materials behaviour were adopted. For this regard, the muscle was also analyzed as an isotropic hyperelastic Neo-Hookean material with equivalent mechanical properties. As the swallowing is a movement that occurs mainly in the lengthwise direction of the trachea, only the contribution of the longitudinal fibers was then taken into account by fitting only the part of the experimental strain-stress curve where the fibers are stretched (in this case for \(\lambda>1.14\)) (see Fig. 17). This part of the curve is adjusted to a Neo-Hookean function obtaining a stiffness value \(C_{10}\) equal to 32.7 KPa. To validate the use of this approximation, a comparison of the results derived from the anisotropic smooth muscle hypothesis and those computed using the isotropic assumption was made.
Fig. 17[image: figure 17]
Obtention of the isotropic properties of the tracheal smooth muscle. a Regression of the transversal and longitudinal mean curves using the Holzapfel’s function. b Fitting with a Neo-Hookean function of the region of the mean strain-stress curve up to 14% of strain obtained from experimental data of longitudinal smooth muscle cuts (LM)
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              Regarding the remaining tracheal components (the annular ligaments, the submucosa or internal membrane and the adventitia), no experimental studies were made on these human tissues to determine their mechanical properties. Wang et al. [60] made a study about the mechanical properties of the tracheal mucosal membrane in rabbits; they concluded that mucosa was a collagen fibred tissue mainly oriented in the longitudinal direction whose stiffness was found between 8 and 18 KPa. Wiggs et al. [30] studied the mechanism of the airway mucosal folding and considered that the lumen-bordering layer of the trachea was stiffer than the less organized extracellular matrix between the smooth muscle and this layer, and considered it as an isotropic linear elastic (Neohookean) material. In our tracheal model, the annular ligament and the external and internal membranes were considered as isotropic hyperelastic materials with a stiffness parameter of C = 32.7 KPa and a Poisson ratio of \(\nu= 0.3\) equivalent to the muscular tissue. Finally the silicone composing the stents was assumed to be an elastic material with a Young modulus of 1 MPa and a Poisson’s coefficient of 0.28 [61–64].
3.4 Loads and Boundary Conditions for Swallowing Simulations
According to the clinical experience, from all functions that the trachea accomplishes, swallowing and coughing are those which most likely generate post-operative complications. The movement of the larynx and the elevation of a pathological trachea with a prosthetic insertion during swallowing cause damage on the surrounding tracheal tissues due to the accumulated effects of the relative displacement between prosthesis and trachea, and the pressure applied by the implant on the tracheal wall. In our study, the movement of the trachea during swallowing was then simulated. For this purpose, ABAQUS 6.8, a general purpose commercial finite element program was used applying appropriate boundary conditions.
Swallowing is a complex process that, in addition to driving food, permits the elimination of rhino-pharyngeal secretions, and the contents of an eventual eso-pharyngeal reflux. During swallowing 3 phases are distinguished: lip-mouth time, pharyngeal time and esophagus time [55]. Swallowing movement involves a series of coordinated motor events to propel liquid or food bolus from the mouth to the esophagus through the oral and pharyngeal cavities. During swallowing, the trachea ascends accompanying the larynx producing a non-homogeneous elongation, maximal in the cranial segments, while the inferior remain practically fixed. This movement can be compromised when a prosthesis is inserted because this element stiffens the overall behaviour of the trachea. This explains the inefficiency of the glottis to close that has been observed sometimes after placement of tracheotomy stents and also the high incidence of prosthesis migration [24, 25].
A variety of swallowing measures have been developed to quantify the physiological temporal organization of the laryngeal closure [65, 66], the upper esophageal sphincter opening [67] or bolus transit [68], and some studies have been made to evaluate the effects of aging and bolus characteristics on the temporal sequence of swallowing events [69]. The common conclusion is that the temporal relations between structural movements to obtain normal swallowing are not fixed but can be systematically affected by bolus volume and viscosity, and age [70]. Swallowing movement measures (spatial and temporal) vary depending on the methodology, the technique, and the chosen reference point. Most studies have analyzed the movement of the tongue [70, 71], jaw [72] or hyoid bone [73] to have spatial temporal measurements of swallowing using generally videofluorography, a sequence of X-ray images onto fluorescent screen [69, 73, 74]. Honda et al. [75] demonstrated that the information given by dynamic imaging of swallowing obtained by an open-configuration Magnetic Resonance Imaging (MRI) scanner was comparable to the one given by the videofluorographic images. Other researchers employed electromyography (EMG) to identify the occurrence of swallowing, to describe swallowing physiology, and to treat impaired swallowing function in dysphagic patients [76]. Electromyograms from the anterior tongue, suprahyoid muscles and the submental muscle were also recorded to have information about the swallowing process [71, 77]. Current multi-sensory non-invasive portable systems capable to detect spontaneous swallowing are based on electromyograms that record voltage potentials generated by the throat muscles [78]. Despite its increasing use, limited information is available regarding its reliability to quantify swallowing [76]. New techniques are continuously appearing to analyze swallowing such as electromagnetic midsagital articulography [72] of the mandibular jaw or the custom-built magnetoelastic sensors designed for insertion in the larynx to measure the force of transverse deformation of the thyroarytenoid and cricothyroid muscles during deglutition [79, 80].
For our study, the measurement of the tracheal swallowing movement was made in the Hospital Virgen del Rocío in Seville, using a Phillips Integris V Medical system with high-speed DICOM image interface [81]. Patients are asked to drink a suspension of barium sulfate and fluoroscopy images are taken as the barium is swallowed. The patients are asked to swallow the barium a number of times, whilst standing in different positions, to assess the 3D structure as well as possible. The total displacement that underwent the trachea during this process can be measured marking in each image the superior edge of the thyroid cartilage, which is the only perceivable and valid reference to follow the movement in the 2D computerized tomography images (Fig. 18a).
Fig. 18[image: figure 18]
Swallowing trajectories a Measurement of the displacement of the thyroid cartilage during swallowing. b Trajectory of the thyroid during physiological swallowing of patient (A). c Trajectory of the thyroid during swallowing of patient (A) after insertion of a Dumon prosthesis. d Trajectory of the thyroid during physiological swallowing of patient (B). e Trajectory of the thyroid during swallowing of patient (B) after insertion of a Dumon prosthesis
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              Measurement of the different displacements of each of the cartilaginous structures was not possible, since the tracheal rings could not be distinguished in the fluoroscopic images; therefore, the obtained movement was only the one associated to the thyroid in the sagital plane. Taking into account that the mobility of the trachea in the transversal plane is almost negligible due to the esophagus position and neck shape and muscles, this movement is acceptable for our purpose. The swallowing trajectories of two men, one aged 28 with 75 kg and the other aged 62 and with 83 kg, were recorded before and after implantation of the Dumon prosthesis. Images were performed with the subjects seated while swallowing oral contrast medium from a cup. In the following, these patients will be named as Patient (A) and Patient (B) respectively. Both patients underwent a prolonged intubation (more than 15 days) that caused them a bad healing and left a fibrous stenosis. In our computational model of the human trachea during swallowing, the movement of the tracheal inferior end, at the level of the bifurcation was restrained, whereas in the superior end, displacements in the sagital plane (Y, Z) corresponding to the curves obtained by means of the physiological and pathological fluoroscopic images of the two patients were imposed. In the case of the Montgomery T-tube, since the swallowing trajectories were only detected from a Dumon prosthesis, the results of the physiological swallowing simulations were used to estimate the muscle forces necessary to swallow. The two cases of patient (A) and patient (B) are then taken as references and the corresponding forces (Fy, Fz) found during physiological deglutition will be used to simulate swallowing in presence of a Montgomery T-tube. This force (Fz = 13.6 N and Fy = −3.11 N distributed in a time ramp on 270 nodes that represent the thyroid surface of the trachea) is considered as the minimum one exerted by the tracheal elevator muscles to achieve the swallowing movement and will be taken as reference in all the subsequent pathological swallowing simulations, despite the prosthesis.
Finally, to simulate the endoprosthesis implantation process of the Dumon or Montgomery tubes, a prosthesis with a diameter smaller than the one chosen is located inside the trachea in the specified position. The prosthesis model is then deformed radially by imposing an increasing radial displacement on all its nodes until reaching the actual final dimensions of the prosthesis (see Figs. 19 and 23). This first step in the simulation allows reproducing the real stress distribution in the tracheal wall due to prosthesis insertion.
Fig. 19[image: figure 19]
T-tube insertion model
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4 Computational Results
4.1 Simulation of Physiological Swallowing
The trajectory of the tracheal swallowing movement of patient (A) before inserting the implant (Fig. 18b) was included as imposed displacements in our geometrical model of the human trachea, considering the anisotropy of the smooth muscle and therefore the mechanical effect of its two orthogonal fiber families. Figure 18b shows that to achieve the experimental swallowing movement, the trachea has to elevate 33 mm in (Z), the principal axis of the trachea, and move 18 mm in (−Y). The movement of the trachea in the Y-direction is limited by the presence of the esophagus. The vertical displacement distribution (Z) is shown in Fig. 20a, while Fig. 20b represents the reaction force associated to the imposed displacement that may be identified with the force of the tracheal elevating muscles. This value was around 13 N in the direction (Z), and a minimum of 3.11 N in the direction (−Y). It can be seen that, when a patient swallows, two force peaks appear. These peaks are due the difficulty in swallowing the "barium liquid" in only one cycle.
Fig. 20[image: figure 20]
Swallowing simulation of patient A before surgery using a two-fiber families constitutive model for the smooth muscle. On the left, displacements (mm) in the longitudinal direction; on the right, reaction forces (N)
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              The same simulation of the tracheal movement for Patient (A) during swallowing was again analyzed but now under the simplifying hypothesis of isotropic behavior of the smooth muscle. Comparing both behaviors, the distribution of principal maximal stress in both models is very similar; in fact the maximal value of the stress using a Neo-Hookean muscle was 0.53 MPa (Fig. 21b), located on the tips of the superior cartilaginous rings, while in the model with anisotropic muscle the maximum value of stress was 0.54 MPa (Fig. 21a) appearing in the same region.
Fig. 21[image: figure 21]
Comparison between the maximal principal stress distribution during swallowing simulation of Patient A before surgery using anisotropic and isotropic models for the smooth muscle. On the left, stress distribution (MPa) using the anisotropic model for the muscle. On the right, stress distribution (MPa) using the isotropic model for the muscle
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              These results validate to some extent the idea of using a simplified material model for the smooth muscle (isotropic hyperelastic), which allows an important reduction of the  computational cost (the time spent to solve the whole model with isotropic smooth muscle was 3,386 s, whereas the one corresponding to an anisotropic muscle was 19,155 s). All the following simulations use the simplified isotropic Neo-Hookean model for the tracheal smooth muscle.
The same simulations were performed for Patient (B) (Fig. 18d). In this case, and again before surgery, the trachea reaches a maximal displacement on the principal tracheal axis (Z) of 28.94 mm with a maximum reaction force of 11.68 N, whereas in the (−Y) direction, the trachea had a maximal displacement of 8.5 mm in the (−Y) direction with an action force equal to 1.92 N. Again, the maximal stress that appears in this case was 0.56 MPa (Fig. 22b), situated in both tips of the cartilaginous rings of the upper half of the trachea.
Fig. 22[image: figure 22]
Swallowing movement of Patient B before surgery. a Displacements in the vertical direction (mm). b Reaction forces (N). c Maximal principal stress (MPa)
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              4.2 Simulation of Swallowing with a Dumon Prosthesis
To numerically simulate the endoprosthesis implantation process, as commented: a first analysis step is performed starting from a smaller prosthesis than is located inside the trachea in the specified position, so that no contact between the internal surface of the trachea and the prosthesis is established, then the prosthesis is radially deformed to its actual diameter (see Fig. 23). With this new configuration, the stress distribution in the tracheal wall due to prosthesis insertion is obtained. The case of a Dumon prosthesis with initial diameter of d = 10 mm, inserted into the tracheal model diameter with D = 14 mm is shown in Fig. 23.
Fig. 23[image: figure 23]
Implantation of a tracheal Dumon prosthesis. First a smaller diameter stent is placed inside the trachea and then this prosthesis is deformed to reach its actual diameter


Full size image


              In a second simulation step, the pathological swallowing trajectories are imposed as known displacements to simulate the movement. For Patient (A), the insertion of a Dumon tube makes him losing capacity to swallow defined as the tracheal displacement in the vertical direction (Z). Analyzing Fig. 18b and c, it can be seen that the maximum displacement in the direction Z is 24.04 mm, whereas it was 33 mm before the insertion of the implant. The same conclusion applies to Patient (B); during his physiological swallowing movement, the displacement of the trachea in the direction Z was 28.94 mm whereas during pathological swallowing decreases to 23.47 mm (see Fig. 18d and e) which means a loss close to 19% of his capacity to swallow after implantation of the Dumon prosthesis. Figure 24 shows the displacements of the swallowing movement and its equivalent reaction force for patient A with Dumon prosthesis. An equivalent maximum force of 14.05 N is obtained to cover the maximal 24.04 mm. This means that with a 3.3% of force increase, the patient looses 27% of its physiological capacity to swallow. Regarding the stresses distribution (Fig. 24c), the implanted trachea drives to a maximal principal stress of 0.54 MPa which is almost equal to the one before surgery (0.53 MPa). Again, this maximum is located on the superior border of the contact trachea/prosthesis. For Patient (B), trachea undergoes a displacement of 23.47 mm after surgery, with a maximum resulting reaction of 14.78 N. The maximum principal stress is 1.09 MPa also located at the upper part of the trachea in contact with the prosthesis (Fig. 25). Therefore, Patient (B) after surgery needs 26.5% higher force on the principal axis of the trachea to swallow, while looses 19% of his ability to swallow. This may be also related with the distribution of maximal principal stresses which are doubled with respect to the presurgery state. We can conclude from these simulations that patients almost use the same axial force to swallow, despite being implanted or not, with an average of 13.5 N which can be considered as the physiological force necessary to close the glottis during swallowing, although they clearly loose part of their ability to swallow after prosthesis insertion (Table 1).
Fig. 24[image: figure 24]
Swallowing movement of Patient A after prosthesis implantation. a Displacements in the vertical direction (mm). b Reaction forces (N). c Maximal principal stress (MPa)
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                Fig. 25[image: figure 25]
Swallowing movement of Patient B after surgery. a Displacements in the vertical direction (mm). b Reaction forces (N). c Maximal principal stress (MPa)
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                Table 1 Displacement (Uz), reaction force (Fz), and principal maximum stress (PMS) for patients A and B before and after surgeryFull size table


              Using the mesh adaptation code, the finite element models of 3 patients (E1, E2, E3) were obtained to simulate their virtual swallowing with inserted Dumon stents. Due to the difficulties found in obtaining their swallowing trajectories, results of Patient A and B swallowing simulations were exploited. Using the reference model inclined \(-18.43^{\circ}\) with respect to the vertical direction, the minimum force in the direction Z obtained to achieve swallowing was 11 N (patient B), whereas the minimum force in the direction Y was −3 N (patient A), which is equivalent to a physiological swallowing force module equal to 11.4 N. Then, with the agreement of the surgeons, we assumed that natural swallowing can be accomplished with a minimum force of 10 N. The same boundary conditions applied to the trachea and the stent were used, but now instead of imposing the displacements corresponding to the swallowing trajectory, external forces were applied with a constant magnitude of F = 10 N with components in the Z and Y directions dependent on the tracheal angle with respect to the vertical direction (Z). In all cases, the diameter, length and position of the prosthesis were defined by the surgeons and adapted to each patient.
For patient (E1), the dimensions of the Dumon prosthesis used were \(15\,\times\,30\; [\hbox{diameter}\, (\hbox{mm})\,\times\,\hbox{length}\,(\hbox{mm})].\) The corresponding results are shown in Fig. 26, getting a maximum displacement in the vertical direction of 15 mm and a maximal stress of 0.46 MPa located in the upper contact of the stent border and the tracheal wall. The dimensions of the stent for patient E2, were \(16\,\times\,40,\) being the displacement and stress distribution ae shown in Fig. 27. The maximal displacement in the direction Z was 19 mm and the maximal stress 0.74 MPa, located in the upper contact between the stent border and the tracheal wall. This patient presents also a clear stress concentration in the contact zone between the lower border of the prosthesis and the trachea. For the last case of patient E3, the stent dimensions were \(13\,\times\,40.\) The maximal displacement in the direction Z achieved during the simulation was 19 mm and the maximal stress 0.74 MPa (see Fig. 28), located again in the upper contact between the prosthesis’s border and the tracheal wall.
Fig. 26[image: figure 26]
Patient E1. a FE tracheal model adapted to the patient tracheal geometry. b Maximal principal stress distribution (MPa) during swallowing. c Maximal displacement in the direction Z (mm)
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                Fig. 27[image: figure 27]
Patient E2. a FE tracheal model adapted to the patient tracheal geometry. b Maximal principal stress distribution (MPa) during swallowing. c Maximal displacement in the direction Z (mm)
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                Fig. 28[image: figure 28]
Patient E3. a FE tracheal model adapted to the patient tracheal geometry. b Maximal principal stress distribution (MPa) during swallowing. c Maximal displacement in the direction Z (mm)
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              These patients all had a clinical follow-up from the day of their arrival to the hospital. Images of the tracheal endoscopy of each of these patients were used to verify and clinically validate the results of the numerical simulations. Patient E1 was admitted to the emergency service with a complicated epileptic state and a tracheal stenosis. Two months after the surgical intervention and the prosthetic implantation, a big granuloma in the upper contact prosthesis/trachea appeared in the endoscopic images during the postoperative revision, while in the lower contact a granuloma formation seems to be starting (see Fig. 29). This supports the results found in our simulations (see Fig. 26). Surgeons had to make two other interventions on this patient to eliminate the granuloma and then to re-locate the stent that migrated toward the vocal cords almost four months after the second intervention (see Fig. 30). Patient E2 images show the formation of granulomas in the upper part of the stent/trachea contact one week after the implantation of the prosthesis. Two weeks after the intervention, granulomas appear in the tissue surrounding the two edges of the prosthesis. The computational results reached also similar conclusions (see Figs. 27 and 29). In the case of patient E3, a few days after prosthetic implantation, the endoscopic images show the beginning of granulomas formation in the upper area of the contact, which was also demonstrated by the computational simulations.
Fig. 29[image: figure 29]
Clinical history of patients E1, E2 and E3
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                Fig. 30[image: figure 30]
Migration of patient E1 prosthesis
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              The common conclusion for all the three patient simulations is that the high values of maximal stress that appears in the trachea during one swallowing cycle (mostly located in the upper contact zone between the border of the stent and the internal surface of the trachea) can be the cause of the granuloma formation shown in the endoscopic images presented in Fig. 29. The prosthesis migration toward the vocal cords, that the patient E1 presented can also be a consequence of the low contact pressure between the stent and the tracheal wall. No information was provided about patient tracheal displacement during swallowing due to medical ethics.
4.3 Simulation of Swallowing with a Montgomery T-tube Implant
The equivalent forces of patient (A) found in the sagittal plane to achieve physiological swallowing were then applied to the perforated model of the trachea with an inserted T-tube. The corresponding results of the simulation are shown in Fig. 31. During healthy swallowing, patient (A) reaches 33 mm in (Z) and −18 mm in (Y), while with an inserted Montgomery T-tube, the same patient loses 75% of its displacement in (Z) (8.01 mm) and 63% in (Y) (−6.63 mm). The maximal principal stress obtained during the swallowing process was 1.6 MPa surrounding the hole and in the upper contact with the tracheal wall. This stress level is three times higher than the one obtained in physiological swallowing without the T-tube (0.53 MPa).
Fig. 31[image: figure 31]
Simulation of the swallowing process of patient (A) with a Montgomery T-Tube. a Amplitude of the displacement during swallowing (mm). b Principal stress distribution (MPa). c Displacements in Y-direction (mm). d Displacements in Z-direction (mm)
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              4.4 Conclusions and Discussion
As intermediate conclusions of this section, we can mention that a first complete finite element model of the human trachea based on experimental results and complex mechanical behaviour models for the tracheal tissues has been presented and then simplified in order to optimize the computational cost. The stress distribution in the tissue has been analyzed during swallowing, before and after implantation of two types of tracheal prostheses. It has been shown that the presence of silicone stents (mainly the Montgomery T-Tube) in the human trachea may generate high values of stresses that would lead to possible damage in the tracheal wall. The level of stress obtained after prosthesis implantation was almost twice the physiological one and was generally located in the tracheal wall tissue in contact with the superior border of the stent. This implication has also been shown in other studies [13], whereas other works referred to the granulation formation at both ends of the stent [21, 24]. In addition to this increase of stress values, patients loose about 20% of their natural ability to swallow as a consequence of tracheal stiffening due to stent implantation.
The used swallowing boundary conditions were based on two real cases of patients before and after implantation. The swallowing movement obtained from fluoroscopic images was obtained by marking the thyroid cartilage in the sagittal plane, tracking its position. Taking into account that the mobility of the trachea in the transversal plane is negligible, this movement would represent the overall movement of the trachea during swallowing. To be able to validate the simulated swallowing movement, the measurement of the movement of each cartilaginous ring would be valuable, but till the moment these rings cannot be distinguished in the fluoroscopic images. Another important result that can be deduced from these swallowing simulations is that the reaction force related to the imposed displacement is maintained in a small range of values which allows using the force as input obtaining the displacement and with that estimating the loss of the patient’s ability to swallow as a result of the simulation.
Regarding the endoprosthesis itself, a rough approximation has been made assuming it as a perfect cylindrical surface. The Dumon prosthesis is actually a perfect cylinder; however it has several studs to help fixing it to the internal wall of the trachea. This effect has not been considered, but the friction of the prosthesis-internal wall interface \((\mu=0.5)\) was high enough to prevent migration.


5 Decision Support System for Endoprosthetic Human Tracheal Preoperative Planning Based on Robust Design of Experiments
The objective of this work is to get a fast, simple and efficient tool for helping surgeons in deciding the type, dimensions, location and angulation of a tracheal endoprostesis for each specific patient. The previous models and associated simulations may accomplish this goal; however, there are still some drawbacks that still have to be overcome. The first is the complexity of the tool itself. Surgeons are not specialists in developing FE models, taking very technical decisions and dealing with problems such as convergence. The second problem is computational time. Even with the reduction in computer cost achieved with the simplification of the material behaviour, still the time needed is too high to allow the specialist to test many hypotheses or to vary parameters as needed when using this tool efficiently. Finally, there are too many parameters to vary in the problem and the individual and combined effect of each of them on the final outcome (displacement and stresses) has not been assessed. To solve these problems, a statistical parametric study using the bases of robust design of experiments is implemented. From this, the effect of each of the main parameters of the implant will be analyzed and a set of correlation functions will be obtained from that statistical study to compute, although approximately, the main variables of the problem in a very short time. The description of these additional tools will be the aim of this latter section.
A Robust Design of Experiments is performed to understand which product and/or process design parameters are critical to achieve the proposed outcome with minimal variation [82–84]. Designing the experiment involves the determination of which factors and values should be varied during the experiments and which response will be measured. One simple and effective albeit long approach is to use a factorial design which gives all possible combinations of factor levels (possible combinations of k factors, each with n levels, is \(n^{k}\)) [84]. Its main disadvantage is the number of experiments that have to be done; therefore an alternative is needed in order to make many-parameter experiments manageable. Several alternatives exist such as Montgomery’s method [85] or Berger and Maurer method [86]. But the approach that has become increasingly popular for its simplicity and effectiveness is the use of Taguchi’s Method [84]. In the 40s, Genichi Taguchi introduced several new statistical concepts which proved to be valuable tools in the subject of quality improvement [86]. The Taguchi’s method was introduced in 1980 in several American industries and resulted a significant improvement in product and manufacturing process design. Many of the statistical methods proposed by Taguchi, such as the use of signal-to-noise ratios, orthogonal arrays, linear graphs, and accumulation analysis have still room for improvement [87, 88]. The bases for Taguchi’s method are the orthogonal arrays, which impose a selection of the factor levels to perform the fewest possible runs. Generally, four steps are carried out to analyze the information got from the experiments:

	
                Estimation of factors effects in the average response.

              
	
                Quantification of each factor influence on the response.

              
	
                Analysis of interactions between factors.

              
	
                Prediction using a mathematical model of the experiment and determination of the optimal factors values for a given response.

              


            The following statistical study is based on the principles of Robust Experimental design using the Taguchi’s Method. This methodology enables obtaining information about quantitative analysis as the percentage of influence of each factor (ANOVA) and qualitative analysis as interactions between factors.
5.1 Experimental Design
To evaluate the consequences of stent implantation and to accomplish simulations, the swallowing trajectory before and after a prosthetic insertion for each patient is needed. Patients come usually to emergency services with breathing problems, which make impossible to ask them gulp down substances and record swallowing movement. Therefore, to find a way to standardize swallowing for every patient, we propose to substitute the displacement trajectory of the trachea during swallowing by equivalent forces applied by the elevator muscles. The effect of these forces depends on the properties of the airway, so it varies for each patient. However, the simulations results of physiological swallowing of two patients based on real swallowing trajectories and presented in the previous section and in [11] showed that the minimal forces exerted by the muscles involved in swallowing were 11.68 N in the vertical direction (Z) and −3.11 in the antero-posterior direction (Y), in a tracheal model with an angle of \(-18.43^{\circ}\) with respect to the vertical direction. In the statistical study presented herein, we assume the hypothesis that the force applied by the muscles involved in swallowing is always constant, regardless sex, age, weight and height of the patients. It is then assumed that the physiological swallowing can be accomplished by a minimum force of 10.5 N despite the tracheal inclination.
We present herein a statistical study of swallowing movement with Dumon prosthesis to analyze and study the parameters that have the most important influence on the stress state of the trachea and on the ability to swallow when the prosthesis is inserted. The capacity to swallow (maximal vertical displacement) is one of the important variables to take into account  a direct consequence of prosthesis implantation. This relation between maximum tracheal displacement in the (Z) direction and the prosthetic intervention is demonstrated in [11]. Therefore, the tracheal displacement in (Z), \(U_{Z},\) is considered one main output variable. The damage caused by the presence of a stent within the trachea is manifested in form of granulomas that usually appear at the edges of the prosthesis in contact with the tracheal wall. These granulomas are a direct result of the “hammer blows” effect that the stent exerts on the trachea and the relative friction that appears in the contact zone prosthesis/trachea. Thus, a concentration of stress can be at the origin of pain and fibrous tissue formation; for this reason the maximum principal stress \(S_{PM}\) that arises in the trachea during swallowing is also considered a second main output variable.
In collaboration with the surgeons and based on the results of the previous section and [11], several experimental designs were made \((L_{9},\; L_{9},\; L_{16})\) with several variables and levels. After a first analysis, depending on the percentage of influence of each variable on the output ones (less than 5%), some of them were just taken as fixed. Other were also considered fixed for their direct dependence on the input variables or for geometrical reasons. These are the following:

	
                  The tracheal length \((L_{T})\) is measured from the vocal cords to the carina and taken iqual to 130 mm [89].

                
	
                  The thickness of the trachea \((e_{T})\) was fixed to 3 mm.

                
	
                  The stenosis diameter \(\phi_{e}=\phi_{T}-2,\) which traduces the surgical intervention made on the stenosis before the prosthesis implantation. Surgeons confirm that they let around one millimeter of the stenosis in radius to use as a support for the stent.

                
	
                  The prosthesis length \(L_{P}=L_{e}+2,\) exceeds one millimeter each border of the stenosis. It is supposed that \(L_{P}\) cannot exceed the interval \(\left[L_{T}\times10\%, L_{T}\times90\%\right].\) The 10% of the bottom of the trachea is excluded to have margin from the carina, and the upper 10% is not taken into account to remain sufficiently far from the vocal cords.

                


              Then the factors with higher influence on the output variables were selected. These parameters were the diameter of the prosthesis \((\phi_{P}),\) the length of the stenosis \((L_{e}),\) the position of stenosis \((P_{e}),\) the tracheal inclination \((\alpha)\) and the penetration of the prosthesis in the trachea \((P_{n})\) (see Fig. 32). The level of each of these variables is selected based on anatomical, physiological and commercial references. For example, the value of the stent diameter is defined by the manufacturers, being available in integer values generally between 12 and 18 mm. The levels of \(\phi_{P}\) are chosen according to the most used Dumon tube dimensions available in the market, which are 14–17 mm. A stenosis with a minimal length of \(L_{e}=20\,\hbox{mm}\) is considered [90]. Stenosis can affect any part of the trachea, but as the length of the prosthesis is conditioned by the interval \(\left[L_{T}\times10\%, L_{T}\times90\%\right],\; L_{e}\) is included in the interval \(\left[(L_{T}\times10\%)-1,\; (L_{T}\times90\%)-1\right].\) As the tracheal length is fixed to 130 mm, stenoses of 25, 45, 65 and 85 mm in length were tested. The position of the stenosis is measured from the bottom of the trachea to the middle of the stenosing zone; therefore, \(P_{e}\) is included in the interval \(\left[(L_{T}\times10\%)+1+{\frac{L_{e}} {2}}, \; L_{T}\times90\%-1-{\frac{L_{e}}{2}}\right]\) where \(L_{e}\) is the longest dimension of the stenosis (85 mm). Therefore and as the tracheal length is fixed, \(P_{e}\) varies in the interval [56.5, 73.5], and the chosen levels are 56.5, 62.5, 68.5 and 73.5 mm. The tracheal inclination \((\alpha)\) is the angle between the tracheal longitudinal mean axis and the vertical direction (Z). In this study, it is always taken negative due to the chosen reference. No values could be found in litterature on the range of this angle, but anatomically human trachea is never vertical for the shape of the neck and the relative position of the bellows and the skull. Ragavan et al. [91] worked on the interactions of airway oscillation, tracheal inclination and mucus elasticity on cough clearance, and they took 0, 15, 30 and 45 as values of tracheal angles. In this design, the tracheal angle measured respect to the vertical was chosen equal to \(12,\; 17,\; 22\) and \(27^{\circ}.\) The prosthesis penetration \(P_{n}\) is defined as the difference between the prosthesis and the stenosis diameters supposed to be always within the interval [0, 1] mm. Thus \(P_{n}\) levels were taken equal to 0.2, 0.4, 0.6 and 0.8 mm. With the chosen independent factors \((\phi_{P},\; L_{e},\; P_{e},\; \alpha,\; P_{n})\) and with 4 levels each, the appropriate orthogonal Taguchi’s array is the \(L_{16}.\)
                
Fig. 32[image: figure 32]
Dependent and independent variables
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              For each experiment to run, a finite element model based on a simplified geometry was generated. A whole ring was chosen from our reference mesh used in Sect. 3 and in [11, 92], to preserve the real tracheal section in the statistical models. A program implemented in \(C^{++}\) was implemented to replicate elements of the ring in the vertical direction (Z) until getting a total length of 130 mm. The obtained geometry is simpler than the real one but the mesh is stil hexahedrical and structured. To vary the length of the obtained mesh, the z-coordinate of the nodes is scaled to the required dimension. In the stenotic region, the “x” and “y” coordinates are scaled to reduce the tracheal diameter 2 mm (see Fig. 33). The 16 models to run were simulated with the mechanical properties of each tracheal tissue used in [59]:

	
                  Cartilaginous structure: considered as elastic material with Young Modulus \(E=3.33\,\hbox{MPa} \) and Poison coefficient \(\nu=0.49.\)
                    

                
	
                  Smooth muscle, internal and external membranes, and annular ligaments: approximated to isotropic hyperelastic materials with a stiffness of \(C=32.7\,\hbox{KPa}\) and a coefficient of Poisson \(\nu=0.3.\)
                    

                
	
                  The Dumon silicone tube is simulated as an elastic material with \(E=1\,\hbox{Mpa}\) and \(\nu=0.28.\)
                    

                


                Fig. 33[image: figure 33]
Process to mesh the statistical model. a Reference mesh. b Ring of elements taken from the reference model. c Meshed statistical model
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              The boundary conditions used in these virtual experiments are:

	
                  Null displacements at the bottom layer of the trachea, at the level of bifurcation.

                
	
                  The initial model of the prosthesis always had a diameter 2 mm less than the final one. In a first step, a radial displacement of 1 mm is imposed to the nodes of the prosthesis driving to the stenosis/prosthesis contact.

                
	
                  The force exerted by the swallowing muscles and estimated by the simulations in [11] and in Sect. 3, has a module of 10.5 N. This force is then decomposed in “Z” and “Y” depending on each value of inclination angle, and applied at each node of the top layer of the tracheal model.

                


              All simulations were made in the same way and using the same contact option. The friction coefficient was set to 0.5 sufficient to prevent relative sliding between trachea and prosthesis.
5.1.1 Analysis of the Statistical Data
The percentage of influence of each factor on the capacity to swallow and on the Maximal Principal tracheal stress during swallowing is presented in Fig. 34, illustrating the importance of each selected variable. Some factors as the stenosis position, the tracheal inclination and the prosthesis penetration have a negligible influence on the vertical displacement of the trachea during swallowing \(U_{Z}\) (percentage of influence <5%), but they keep having an important influence on the tracheal stress distribution \(S_{MP}.\) A smooth variation of the different influence percentages on \(S_{MP}\) was detected, which makes all five factors determinant for the Robust Design of Experiments (see Fig. 34). As a summary, the stenosis length, and the prosthesis or tracheal diameter are the only factors that have an important influence on the patient swallowing capacity, whereas all the five factors have almost a similar effect on the stress distribution.
Fig. 34[image: figure 34]
Percentage of influence of the different factors on the output variables. a Percentage of influence of the different factors on \(U_{Z}.\)
                          b Percentage of influence of the different factors on \(S_{MP}\)
                        


Full size image


                The relation between the output variables and each of the considered factors is shown in Figs. 35 and 36. \(U_{Z}\) decreases non linearly when \(\phi_{P}\) increases, and as \(\phi_{P}\) is directly related to \(\phi_{T}\) by the relation \(\phi_{T}=\phi_{P}-P_{n},\) the relation between the vertical displacement and \(\phi_{T}\) is similar. The same happens with the stenosis length, \(U_{Z}\) has a decreasing linear behavior when \(L_{e}\) increases. In the chosen range, \(P_{e}\) seems to have no influence on \(U_{Z}\) which presents almost a horizontal curve (see Fig. 35), whereas the vertical displacement has a non-monotonic behavior when related to \(\alpha\) and \(P_{n}.\) Regarding \(S_{MP}\) non-monotonic relations were obtained with \(\phi_{P}\; (\hbox{or}\; \phi_{T}),\; L_{e},\; P_{e},\; \alpha\) and \(P_{n}.\)
                  
Fig. 35[image: figure 35]
Effects of the different factors on \(U_{Z}\)
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                  Fig. 36[image: figure 36]
Effects of the different factors on \(S_{MP}\)
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                The effect of the different factors on \(U_{Z}\) does not interact in the selected ranges, but two critical cases have to be discussed with detail. Firstly, as the stenosis length is the main factor affecting the \(U_{Z}\) behavior, curves of interaction \(L_{e}-\phi_{P}\) (see Fig. 37) present a high risk of intersection for higher values of \(L_{e},\) but \(L_{e}\) values are limited by surgical conditions (upper and lower 10% of the tracheal length shouldn’t be covered by the prosthesis). The other critical case corresponds to the interaction between \(P_{n}\) and \(P_{e}.\) In this case, a high probability of intersection is detected for higher values of \(P_{n},\) but as \(P_{n},\; P_{e}\) and \(\alpha\) have a percentage of influence less than 5% on \(U_{Z},\) these interactions may be neglected. Regarding the interaction of the different factors on \(S_{MP},\) only synergystic interactions appear in Fig. 38, with almost parallel curves which guarantees that no intersection is expected in the physiological and commercial ranges.
Fig. 37[image: figure 37]
Interaction between factors on \(U_{Z}\)
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                  Fig. 38[image: figure 38]
Interaction between factors on \(S_{MP}\)
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                5.2 Regression Models
The objective of this section is to generate a simplified numerical model linking the independent input variables with higher effect on each output variable relevance, determined after the application of the experimental design. In this work, a quadratic regression is used but formulated in a multiple linear matrix regression formulation, where the product of factors and the squares of factors are considered as variables of the multiple linear regression approach. This study applies the multiple linear regression method proposed by Neter et al. in 1996 [93], that formulates the expression of a variable y, in terms of the independent variables \(x_{1},\; x_{2}\;,...,\;x_{n}.\) The multiple linear regression is written as:

$$ y_{i}=\beta_{0}+\sum_{j=1}^{k}\beta_{j}X_{ij}+\varepsilon_{i} $$

                    (8)
                

equivalent to the matrix form:

$$ {\mathbf y}= \user2{X} \varvec{\beta}+ \varvec{\varepsilon} $$

                    (9)
                

where \(\user2{y}=\left(\begin{array}{c} y_{1} \\ y_{2} \\ \vdots \\ y_{n} \\ \end{array} \right)\)is an \(n\times1\) vector of dependent variable observations, \(\user2{X}\) an \(n\times p\) design matrix, \(\user2{X}=\left(\begin{array}{ccccc} 1 & x_{11} & x_{12} & \ldots & x_{1, p-1} \\ 1 & x_{21} & x_{22} & \ldots & x_{2, p-1} \\ \vdots & \vdots & \vdots & \ldots & \vdots \\ 1 & x_{n1} & x_{n2} & \ldots & x_{n, p-1} \\ \end{array}\right),\; \varvec{\beta}=\left(\begin{array}{c} \beta_{0} \\ \beta_{1} \\ \vdots \\ \beta_{p-1} \\ \end{array}\right)\hbox{a}\; p\times1\) vector of regression parameters, and \(\varvec{\varepsilon}=\left(\begin{array}{c} \varepsilon_{1} \\ \varepsilon_{2} \\ \vdots \\ \varepsilon_{n} \\ \end{array}\right)\) the \(n\times1\) vector of additive errors.
The Least-Squares is used to fit a regression line to the data \(\left\{\user2{x}_{{\mathbf{i}}},\user2{y}_{{\mathbf{i}}}\right\} _{i=1}^{n},\) where \(\user2{x}_{i}=\left\{ x_{i,1},\ldots x_{i,p-1}\right\} .\) Thus, the objective is to find the regression coefficient estimates \(\hat{\varvec{\beta}}\) that minimizes the criterion

$$ Q(\varvec{\beta})=(\user2{y}-\user2{X}\varvec{\beta})^{T}(\user2{y}-\user2{X} \varvec{\beta})=\sum_{i=1}^{n} (\user2{y}_{i}-\boldsymbol{X}_{i}\varvec{\beta})^{2} $$

                    (10)
                


              Taking derivatives with respect to \(\varvec{\beta},\) and setting these equal to 0, the normal equations are obtained:

$$ {\frac{dQ}{d\varvec{\beta}}}=2\user2{X}^{T}(\user2{y}-\user2{X} \varvec{\beta})=0\Longrightarrow(\user2{X}^{T}\user2{X}) \varvec{\beta}=\user2{X}^{T}\user2{y} $$

                    (11)
                


              To solve for \(\varvec{\beta},\) the inverse of \(\user2{X}^{T}\user2{X}\) is applied to both sides of the previous equation so: \(\hat{\varvec{\beta}}=(\user2{X}^{T}\user2{X})^{-1}\user2{X}^{T}\user2{y}.\)
              
The independent factors, their percentage of influence on the output variable, the behavior of the output variable when they vary and their interactions govern the predictive answer equation. As the capacity to swallow \(U_{Z}\) depends only on \(L_{e}\) and \(\phi_{P}\) (see Fig. 34), the \(U_{Z}\) equation should be written as:

$$ F_{U_{Z}}=\beta_{0} + \beta_{1}\phi_{P} + \beta_{2}L_{e} + \beta_{3}\phi_{P}^{2} + \beta_{4}L_{e}^{2} + \beta_{5}\phi_{P}L_{e} $$

                    (12)
                

whereas the function that predicts the Maximal Principal Stress \(S_{MP}\) depends on all the five factors, their squares and their interactions (see Fig. 34), so it is written as:

$$ \begin{aligned} F_{S_{MP}} =\,& \beta_{0} + \beta_{1}\phi_{P} + \beta_{2}L_{e} + \beta_{3}P_{e} + \beta_{4}\alpha + \beta_{5}P_{n} + \beta_{6}\phi_{P}^{2} + \beta_{7}L_{e}^{2} + \beta_{8}P_{e}^{2} + \beta_{9}\alpha^{2} \\ & + \beta_{10}P_{n}^{2} + \beta_{11}\phi_{P}L_{e} + \beta_{12}\phi_{P}P_{e} + \beta_{13}\phi_{P}\alpha + \beta_{14}\phi_{P}P_{n} + \beta_{15}L_{e}P_{e} \\ & + \beta_{16}L_{e}\alpha + \beta_{17}L_{e}P_{n} + \beta_{18}P_{e}\alpha + \beta_{19}P_{e}P_{n} + \beta_{20}\alpha P_{n} \end{aligned} $$

                    (13)
                


              A matrix model linking the information generated by the different computational simulations coming out from the Design of Experiments was generated. Using \(\hbox{Minitab}^{\circledR}\) program [94], two procedures based on robust design were applied: Stepwise Regression and Best Subsets Regression. The stepwise model-building technique [95–97] involves:

	
                  Identifying an initial model.

                
	
                  Iteratively “stepping”, that is, repeatedly altering the model at the previous step by adding or removing a predictor variable in accordance with the “stepping criteria”.

                
	
                  Terminating the search when stepping is no longer possible, that is the stepping criterion is fulfilled, or when a specified maximum number of steps has been reached.

                


              The Best Subsets Regression helps to determine which predictor (independent) variables should be included in a multiple regression model. It enables comparing the full model (containing all the independent variables) and subset models (containing different subsets of independent variables) [98]. This method involves examining all possible combinations of predictor variables. It uses the indicator \((R^{2})\) to compare the models and choose the best. First, all models with only one predictor variable are checked and the two models with the highest accuracy \((R^{2})\) are selected. Then all models with two predictor variables are checked and the two models with the highest \((R^{2})\) are chosen. This process continues until all combinations of all predictors variables have been taken into account [99]. To determine the best model arising from the collected information, two indicators were used: the standard deviation (S), and the quadratic correlation (R-Sq). The best regression corresponds to the lowest (S), while (R-Sq) should tend to 100%. As shown in the results (Fig. 39), several regressions drove to low (S) and high (R-Sq). From all of them, we selected the model with the least number of independent variables, getting the following regression equations:

$$ F_{U_{Z}}=118.71-9.32\phi{}_{P}-0.53L_{e}+0.24\phi_{P}^{2}+0.0205\phi_{P}L_{e} $$

                    (14)
                


                $$ \begin{aligned} F_{S_{MP}}  =\,& -1. 63+0.309\phi_{P}+0. 0121L_{e}+0. 0813P_{e}+0. 126\alpha-4. 69P_{n}-0. 0229\phi_{P}^{2} \\ & -0. 000223L_{e}^{2}-0. 000758P_{e}^{2}-0. 00089\alpha^{2}-1. 16P_{n}^{2}+0. 00176\phi_{P}L_{e} \\ & -0. 00011\phi_{P}P_{e}-0. 00692\phi_{P}\alpha+0. 247\phi_{P}P_{n}-0. 000360L_{e}P_{e} \\ & -0. 000193L_{e}\alpha+0. 00510L_{e}P_{n}-0. 00122P_{e}\alpha+0. 0381P_{e}P_{n}+0. 0331P_{n}\alpha \end{aligned} $$

                    (15)
                

The quadratic correlation related to this function was 72.5% with a standard deviation of 0.18%.
Fig. 39[image: figure 39]
Regression models of \(U_{Z}\) using \(\hbox{Minitab}^{\circledR}.\)
                        a Best subsets regression. b Stepwise regression
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              Figures 40 and 41 show the comparison between the Finite Element results for \(U_{Z}\) and \(S_{MP}\) of the 34 experiments solved in all Experimental Designs and their respective values calculated using the regressions equation of \(F_{U_{Z}}\) and \(F_{S_{MP}}\) respetively. The relative error found between the FEA results of \(U_{Z}\) and those found with the regression equations varies from 0.32 to 39%, while the relative error between the FEA \(S_{MP}\) results and the one found with the regression equations fluctuates between 0.04 and 30.6%.
Fig. 40[image: figure 40]
Comparison between FE and regression results for \(U_{Z}\)
                        a Comparison between FE and regression results for \(U_{Z}.\)
                        b Absolute relative error between FE and regression results for \(U_{Z}\)
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                Fig. 41[image: figure 41]
Comparison between FE and regression results for \(S_{MP}.\)
                        a Comparison between FE and regression results for \(S_{MP}.\)
                        b Absolute relative error between FE and regression results for \(S_{MP}\)
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              Three additional cases different from those included in the Experimental Designs were run to verify both the stress and vertical displacement regression functions (see Table 2). Values of different factors used in these cases of verification were chosen within the intervals defined in the Robust Design process. The relative error calculated from the difference between vertical displacement deduced from Finite Element Analysis and the \(F_{U_{Z}}\) regression function presents a minimum of 0.4% and a maximum of 14.1%; Similarly for the Maximal Principal Stress, this relative error resulted between 6.2 and 14.1%.
Table 2 \(F_{U_{Z}}\) and \(F_{S_{MP}}\) verificationFull size table


              5.3 Conclusions
The aims of the statistical procedure presented here are:

	
                  Getting a quantitative idea about the main influential input variables, their degree of influence and the effect of their interactions both in the movement of the trachea and its stress state during swallowing and after prosthetic insertion.

                
	
                  Avoiding the use of commercial programs that, although more accurate, are expensive and complex to use, which can be annoying for surgeons.

                
	
                  Providing to surgeons a simple, fast and efficient tool to help them planning surgical prosthetic implantation in an optimal way and reduced time.

                


              Although the relative error between the results of the statistical study and the simulations performed with the FE program may reach values close to 40% which is considered high, this only happens at certain points and special situations. So we consider that the main goal of this work, as it is constructing a tool that allows the thoracic surgeons to quantify the behavior of a patient-specific trachea after prosthesis implantation with the possibility of varying the dimensions and stent position getting reasonably accurate results in a very short time, has been accomplished. However, there are still some important aspects that deserve further study. For example, as for any other statistical tool, the regression equations should be additionally “trained” and the factors ranges increased. Also, the robust experimental design was accomplished by means of FE models with simplified tracheal geometry (the tracheal geometry was smoothed and approximated to a simple cylindrical shape although the tracheal section was conserved) and a simplified material model (the smooth muscle was considered as isotropic hyperelastic and not as anisotropic). Finally, the swallowing force obtained in the computational study in Sect. 3 was used as boundary condition to simulate the pathological swallowing in the robust design, which means that the force exerted by the elevator muscles to achieve swallowing is considered constant independently of the patient, gender, age, weight, etc. This hypothesis should be also discussed.
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