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3D multilayer foot model based on CT medical imaging processing for the study of the diabetic foot complication

I. INTRODUCTION

Diabetic foot early treatment and diagnosis involves efforts in the field of medical engineering to understand human physiology from a quantitative and measurable point of view. Early detection of ulcers in the foot, which is a complication of diabetes mellitus, could be one of the goals of diabetes mellitus prevention programs. In some cases, the slightest injury could lead to amputation, as this kind of injuries has been associated with the generation of ischemic infections [START_REF] Brand | The insensitive foot (including leprosy)[END_REF]. This problem becomes a challenge for the diagnosis of the diabetic foot because the lesions are not visible on the surface until the ischemia lesions reach an advanced state and they can be detected by visual inspection. Deep tissue lesions, unlike ulcers, begin within muscle layers and close to bony prominences [START_REF] Ankrom | Pressure-Related Deep Tissue Injury Under Intact Skin and the Current Pressure Ulcer Staging Systems[END_REF]. The area most likely to develop these lesions is associated with local temperature rise due to inflammation of tissues because of vascular problems [START_REF] Tooke | Peripheral microvascular disease in diabetes[END_REF]. One way to detect the possible appearance of an injury is by determining the difference in the superficial temperature [START_REF] Sprigle | Clinical Skin Temperature Measurement to Predict Incipient Pressure Ulcers[END_REF]. One of the current techniques to observe these indicators is medical thermography since it is a noninvasive measurement and it requires no contact with the patient [START_REF] Agostini | Motion artifact reduction in breast dynamic infrared imaging[END_REF]. Therefore, the identification of abnormal body temperatures allows both patients and physicians to plan an appropriate corrective treatment to decrease the inflammatory process before it becomes a complication [START_REF] Sun | Relationship of skin temperature to sympathetic dysfunction in diabetic at-risk feet[END_REF], even if the body temperatures anomaly implies a decrease or increase without a pathological history. Some preliminary thermographic tests performed in our previous works showed that the difference in the temperature increase between people with diabetes and without pathological history does not always indicate an abnormality [START_REF] Bayareh | Thermographic Study of the Diabetic Foot of Patients with Diabetes Mellitus and Healthy Patients[END_REF]. Some studies have also reported that the decreasing difference could indicate a pathology [START_REF] Wong | Physiology and Prevention of Heel Ulcers: The State of Science[END_REF]. These concepts could be analyzed using a time-dependent multiphysics simulation based on the H. Pennes' bioheat equation emulating lesions and following the process of heat transfer between tissues [START_REF] Pennes | Analysis of Tissue and Arterial Blood Temperature in the Resting Human Forearm[END_REF]. In order to study a possible prediction of this vasculatory disease, it was proposed a computational model based on the finite element method. A 3D multilayer model was obtained from the CT scan image segmentation. The work described in this paper is part of a more extensive diabetes mellitus research project, whose main objective is the early detection of the common diabetic foot complications. As one of the approaches to achieve this objective, the prediction of thermal distributions at the sole of the foot was proposed. To carry out this study, a 3D polygonal model of the foot capable of being imported into the FEM Multiphysics modeling software without compromising the computational resources was obtained. Although this work is not conclusive to the investigation of the diabetic foot complication; it represents a first approximation to the solution especially in the development of 3D anatomical models based on medical images.

II. METHODS

The process to obtain a 3D finite element multilayer model consisted in the segmentation of medical images; each segmented tissue was cleaned out of interferences due to the similarity of Hounsfield units between organic tissues and the equipment materials. After each layer was smoothed, it was carried out a reduction of polygons. Afterward, in the FEM Multiphysics modeling software, each tissue layer was defined with the respective physical properties and it was implemented a mesh of 204354 elements. Finally, the bioheat time-dependent equation was solved to observe the thermal distribution along the sole of the foot. Table I shows the characteristics of the computer where the whole process was carried out. Fig. 1 shows the Block diagram that resumes the process to obtain a heat distribution from a 3D model obtained CT scan images. A. Segmentation of CT scan images Fig. 2 shows the 3D model of the foot with a cut below the ankle joint. The CT scan data was obtained randomly out of a set of patients of an angiotomography abdominal and pelvic study with 223 images with DICOM format of a GE Medical System tomography with a thickness between slices of 5. The CT scan images were segmented manually to obtain the 3D model of each tissue. It was used the free license software 3D Slicer to achieve this task. The segmentation was based in the Hounsfield scale (according to the medical image) threshold for each tissue. Due to each tissue has its own threshold, it was adjusted to differentiate each one. However, these are not always accurate; therefore, a manual interference cleaning is required to eliminate the remain solid artifacts. The Fig. 3 a) and b) shows an example of the interference generated when the adipose tissue model was obtained. Fig. 3 c) shows the 3D model for an adipose tissue after the cleaning process.

A total of 222 images were cleaned up to obtain an optimal 3D model; the 3 views obtained by the CT scan were covered. This process was carried out for each tissue involved in this study: bone, fat, muscle and skin.

Each of the segmented tissues was exported as an STL format file (Standard Triangle Language). Although the Multiphysics software supports natively STL extension files, due to a large number of triangles that confirms the 3D model generated, it was not possible to work with such initial models. The software had some limitations to interact with the geometries obtained out of the image segmentation from 3D Slicer. Therefore, the number of polygons of the obtained models was reduced before working with FEM Multiphysics modeling software, which is described in the next section. 

B. Low polygon model

All 3D models are polygon-based; the more polygons, the more realistic the 3D model is. The aim of having a Low-Poly model in the FEM modeling stage is to have a simple or abstract geometry. It is important to address that a Low-Poly model does not mean a poor-quality model. This model is combined with a rendering style for each of the facets, creating a block-structure look, without compromising the original geometry [START_REF] Noor | A Beginner's Guide To Low Poly Modeling[END_REF]. If a proper rendering is used, the quality of the geometry can be maintained, while the quantity of polygons is reduced. Autodesk Meshmixer Software was used to perform the Low-Poly processing. This software contains several automatic and manual tools to smooth the edges and reduce the number of polygons when a solid structure is meshed. However, the exported 3D model may have several errors such as unclosed outlines or overlapping vertices. These errors can difficult the exportation process into the Multiphysics software, specifically during the meshing process. Fig. 4 shows some common errors that need to be corrected at this stage by using the Autodesk Meshmixer Software several times until the 3D model is optimal to use in the Multiphysics software. The process to correct the gaps is totally manual. Each contour of the gaps must be selected and applied the analysis/Inspector/auto-repair tool to solve issues that are not perceptible to human eyes. In some cases, it is necessary to add solids to cover the gaps. Fig. 5 a) shows one of the gaps with a solid sphere used to implement the model correction. Fig. 5 b) shows the 3D model obtained after the correction.

After the correction process, the number of polygons was optimized with the reduction tool. All 3D tissue models were optimized over 300%; i.e. the reduction process was repeated several times until the 3D model had an average of 500 to 3000 polygons, approximately. The file size of the foot model before the Low-Poly processing was 17.3 MB and after the reduction process became 1.67 MB. File size decreased by 90.5%. Table II shows the number of polygons for each tissue model that conform the complete 3D foot model. Fig. 6 shows the 3D model obtained for the bone tissue for the foot. Reducing the number of polygons does not imply to lose 3D quality. However, it is required an approximation without compromising the anatomical structure and a low-poly process do not imply a poor-quality model. A 3D solid model was obtained with a STEP file extension from the optimized meshed model. The Multiphysics software has a better interaction with files with STEP extension (STandard for the Exchange of Product data) because these files contain the data of the dimensions, topology, and data of the 3D geometry. On the other hand, STL type models are only approximations of a CAD model (computer-aided design) [START_REF] Luthier | Using Blender models in Comsol Multiphysics[END_REF]. In order to obtain the STEP model, the FreeCAD software was used to generate the solids. During this step, the last errors were corrected by the Low-Poly process. A mesh was generated from the 3D model with a tolerance of 0.1 mm and then it was applied the solid generation tool. The new item was exported as a STEP-extension file.

C. Finite element model and post-processing

The 3D models were imported to COMSOL Multiphysics and it was formed by 4 domains, 9248 faces, 13872 edges and 4608 points according to the software information. Fig. 7 shows the imported geometry as a multilayer model. When different objects are imported to create a multi-layer model, these may overlap so it requires some geometry manipulation that can be corrected with the software tools. These errors can hinder the process of meshing and even generate singularities at the time of solving the bioheat equation (equation 1). Fig. 8 shows the correction of overlap errors made with the Boolean difference tool. These differences were made between each one of the models to avoid the overlapping. Fig. 9 shows the domains corresponding to the tissues of the foot. Due to the number of edges, some difficulties can be presented when defining the domains, physics and the material for each model. It is recommended to define each of the characteristics of the previous model before importing the next layer. In this way, the software will automatically select all the imported new edges.

Tissues with ischemia and inflammation physical properties were also added to simulate the diabetic foot conditions as reported by Centigul et al (Table III) [START_REF] Centigul | A Heat Transfer Model of Skin Tissue for the Detection of Lesions: Sensitivity Analysis[END_REF]. Fig. 10 shows the lesion layers in the metatarsal and in the heel since they are zones involved in the human gait. A medial cut was applied to the foot model to reduce the computational processing by solving the Bioheat equation in a half of the model. It was generated a physics-controlled mesh that consisted of different types and characteristics of elements, in which it is added, moved or eliminated points and meshing operations. This type of mesh suits the model due to the complexity of the geometry and a large number of polygons. The mesh consisted of 204264 elements. Fig. 11 shows the mesh used for the modeling process. 

D. Simulation settings

The simulations were made by solving the Bioheat equation described in [START_REF] Brand | The insensitive foot (including leprosy)[END_REF].

ρ i c i ∂Ti ∂t =∇•(k i ∇T i )+w b i ρ b i c b i (T a i -T i )+q met i (1) 
where i represents the layers of tissue, Ti is the local temperature, 𝜌 𝑖 is the density of the tissue, 𝑐 𝑖 is the specific heat of the tissue, 𝑘 𝑖 is the thermal conductivity, 𝑤 𝑏 𝑖 is the relationship of the blood perfusion of the tissue, 𝑞 𝑚𝑒𝑡 𝑖 is the heat generated by the metabolism in layer i, 𝑇 𝑎 𝑖 is the blood temperature, 𝜌 𝑏 𝑖 is the blood density, 𝑐 𝑏 𝑖 is the specific heat in the i-th layer. When the equation is solved simultaneously in each layer, it is possible to observe the spatial and temporal solution of the temperature distribution in the tissues.

Two time-dependent Bioheat simulations were computed using different shape functions. The first one was computed with a linear discretization, and the second one with a quadratic discretization. The discretization methods approximate partial differential equations (PDEs) to equations that are solved with numerical methods. The solution of these equations is an approximation of the PDEs solution. The FEM is used to compute such approximations [START_REF]The Finite Element Method (FEM)[END_REF]. The skin layer was set as a constant initial value to 15 ºC and the rest of the tissues were set to 37 ºC. The study was carried out as an approximation to active thermography, which is a clinical technique where a pack of cold gel is applied on the surface of the skin to approve the ambient temperature and lengthen the infrared measurement time. Therefore, the initial temperature of the skin was adjusted to 15 ºC and the rest of the tissues as 37 ºC. Each layer was assigned with different physical properties. The reference table is in Appendix A as Table III [START_REF] Centigul | A Heat Transfer Model of Skin Tissue for the Detection of Lesions: Sensitivity Analysis[END_REF]. The temperature was modeled from 0 to 30 minutes in 1-minute step.

III. RESULTS

Fig. 12 shows the bioheat distribution at the minute 10 of simulation. Both simulations had the same temperature values up to three significant digits, which is enough for this application and study. Table IV shows the results of both simulations measured in the arch of the foot un a punctual zone. Although there were no differences in the reached temperatures when the different order discretization models were used, the main difference lies in the time of computation. Table IV shows the time difference in solving the bioheat equation. Performing multiphysics computational simulations in 3D human models could get more realistic results in which the behavior of the modeled variables would depend on the geometry rather than 2D layer models. Especially when it comes to comparing the distribution patterns and thermal data against IR thermography because it is necessary to obtain a 3D foot model with realistic anthropometry proportions that permit to get better models of thermal distributions comparable with a real IR thermography map. So, the big challenge and goal in this paper was the generation of the 3D foot model and perform a Bioheat simulation.

It is important to address that the reduction of the number of polygons of the 3D models was made in order to have a better interaction with the Multiphysics software which follows the contours of the human body. In this sense, this model can be considered a good first approximation of the human foot geometry. Even with medical images defined and processed, it is complex to obtain a model with perfect colinear layers because there is a minimum tolerance of 0.1 mm when the exported solid is created. Therefore, models may lose definition, but this does not compromise the study because only geometric approximations are required, and it is not a synonym of losing 3D quality. However, this first approximation will provide information for comparing the procedure with specialized licensed software and validate the utility of these models.

The main advantage of the 3D human modeling procedure (based on medical images, e.g. CT scan) described in this work lies in the use of free license software, which can save economical resources. The process can be complicated when creating overlapping polygons because they are not always visible in the preview and can compromise the meshing procedure, even creating singularity errors when solving the FEM Bioheat equation. On the other hand, linear discretization function proved to get a solution much faster than the quadratic one. Particularly in this study, both simulations had the same temperature values up to three significant digits were obtained without compromising the computational resources and time. Linear discretization was 6 times faster and it has 4.6 times fewer degrees of freedom. Because the 3D model only had one option for meshing, adjusting the discretization was important to save computational resources.

Although this work is not yet conclusive for the study of deep tissue lesions in the diabetic foot, it is considered a first approximation to develop this kind of studies based on 3D realistic models. Other physical properties involving an active IR thermography study should still be considered. Similarly, the model still requires minor adjustments around the gaps that may exist within the multilayer model.

Fig. 1 .

 1 Fig. 1. Block diagram to get a 3D model for computing a Bioheat Simulation through FEM Multiphysics.

Fig. 2 .

 2 Fig. 2. 3D model of the right foot obtained with 3D Slicer. A cut below the ankle was made to the original model.

Fig. 3 .

 3 Fig. 3. 3D model of adipose tissue. a) 3D model without the cleaning process. b) Interferences are shown in the CT scan images. c) 3D model of the adipose tissue after the cleaning process.

Fig. 4 .

 4 Fig.4. The most common error in the 3D models are the gaps generated by the definition of the CT images. These errors can be corrected during the image segmentation; however, the task would be highly time-consuming because each image would have to be reviewed.

Fig. 5 .

 5 Fig. 5. a) solid sphere used to repair the 3D model. These kind of errors and corrections were more common in the skin tissue model, b) patched holes in the skin model.

Fig. 6 .

 6 Fig. 6. a) Bone model before Low-Poly processing, b) Optimized model by 334%

Fig. 7 .

 7 Fig. 7. Multilayer 3D model of the foot

Fig. 8 .

 8 Fig. 8. a) 3D model with overlapped layers, b) 3D model corrected with concentric layers

Fig. 9 .

 9 Fig. 9. a) Bone tissue model, b) muscle layer model, c) Adipose tissue model and d) Skin tissue model.

Fig. 10 .

 10 Fig.10. a) ischemia with inflammation model localized in the heel and b) localized in the metatarsal zone

Fig. 11

 11 Fig.11. FEM model mesh

Fig. 12 .

 12 Fig. 12. Bioheat distribution pattern at 10 minutes. The initial temperature of the skin layer was set at 15 ºC and the rest of the layers at 37 ºC.

TABLE I

 I 

	.	COMPUTER CHARACTERISTICS
	Operating System	Windows 10 Pro 64-bit
	CPU	Intel Core i7 3630QM @ 2.40GHz
	RAM	8.00GB Dual-Channel DDR3 @ 798MHz
	Motherboard	ASUSTeK COMPUTER INC. G46VW
	Graphics	2047MB NVIDIA GeForce GTX 660M

Table II .

 II NUMBER OF POLYGONS FOR EACH TISSUE MODEL

	Tissue	Number of polygons
	Bone	1478
	Muscle	724
	Fat	1356
	Skin	2836

Table III .

 III THERMOPHYSICAL PROPERTIES OF HEEL TISSUE USED IN THE SIMULATIONS

Table IV .

 IV DIFFERENT DISCRETIZATION METHODS SOLUTIONS.

		Temperature	Temperature (Linear
	Time [min]	(Quadratic discretization	discretización method)
		method) [°C]	[°C]
	0	20.000	20.000
	5	21.994	21.994
	10	24.771	24.771
	15	27.395	27.395
	20	29.560	29.560
	25	31.364	31.364
	30	32.788	32.788

Table IV .

 IV SOLUTION TIME BETWEEN LINEAR AND QUADRATIC DISCRETIZATION.

	Linear Cuadrático	Solution time 29" 2' 41"	Degrees of Freedom 42,015+67,850 internals 304,883+201,054 internals
	IV. DISCUSSION AND CONCLUSIONS
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