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Abstract

:

Forefoot osteotomies to improve the alignment are difficult procedures and can lead to a variety of complications. Preoperative planning in three dimensions might assist in the successful management of forefoot deformities. The purpose of this study was to develop a global coordinate system in the foot for the planning of forefoot corrections. Two strategies (CS1 and CS2) were developed for defining a global coordinate system that meets the criteria of being well-defined, robust, highly repeatable, clinically relevant, compatible with foot CT scans, independent of the ankle joint angle, and does not include bones in the forefoot. The absolute angle of rotation was used to quantify repeatability. The anatomical planes of the coordinate systems were visually inspected by an orthopedic surgeon to evaluate the clinical relevancy. The repeatability of CS1 ranged from 0.48° to 5.86°. The definition of CS2 was fully automated and, therefore, had a perfect repeatability (0°). Clinically relevant anatomical planes were observed with CS2. In conclusion, this study presents an automated method for defining a global coordinate system in the foot according to predefined requirements for the planning of forefoot corrections.
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1. Introduction


Surgical reconstruction of forefoot deformities is the most common and frequently challenging pathologic condition that a foot and ankle surgeon treats [1]. In particular, forefoot corrective osteotomies to improve the alignment are difficult procedures and can lead to a variety of complications (i.e., metatarsalgia, recurrence of the deformity, and nonunion) [2,3,4]. Hallux valgus can typically be diagnosed through physical examination and standard weight-bearing lateral and anteroposterior (AP) radiographic two-dimensional (2D) images of the foot [5]. However, due to the rotational, multiplanar nature of hallux valgus, it is difficult to describe and quantify hallux valgus accurately and reliably on standard radiographic 2D images [6,7]. This can lead to unintentional corrections in untargeted planes during surgery [8]. Preoperative planning in three dimensions (3D) might assist in successfully managing forefoot deformities. The primary objective of 3D preoperative planning is to effectively correct the deformity, reduce postoperative morbidity, and maintain normal foot biomechanics [4,9]. Computed tomography (CT) makes it possible to quantify the absolute and relative position and orientation of the bones in the foot and contributes to advanced knowledge of the multiplanar nature of hallux valgus. This might assist with the preoperative planning of hallux valgus corrections and may overcome the errors induced by 2D analysis [10,11].



To do this adequately, it is crucial to define a relevant and robust global coordinate system in the foot for the preoperative planning of hallux valgus corrections. A general reporting standard for local coordinate systems was proposed by the International Society of Biomechanics (ISB) in 2002 [12]. The ISB standard is starting to become more widely adopted; however, a consensus method for defining a global coordinate system for the foot has not been established yet. Due to the continuing absence of a standardized method, there have been a number of studies that define their own global coordinate system in the foot (Table 1) [4,13,14,15,16,17]. These coordinate systems have several limitations that cannot be ignored. Firstly, the definitions of the axes are sensitive to operator-dependent accuracy and repeatability [10,18]. Secondly, they are dependent on the scanned section of the foot or foot posture. Thirdly, they lack an unambiguous definition of the origin or axes. Thus, the purpose of this study is to develop a new global coordinate system in the foot for the 3D planning of forefoot corrections.




2. Materials and Methods


2.1. Requirements to Define a Global Coordinate System


Specific requirements were formulated for the development of a new global coordinate system in the foot based on an expert panel brainstorming session and the limitations of the studies that have defined global coordinate systems in the foot (Table 1) [4,13,14,15,16,17]; thus, the global coordinate system in the foot should



	
Be well defined. A well-defined coordinate system includes the definition of two axes and the position of the origin;



	
Be robust. A robust coordinate system constructs the coordinate system consistently using the same definition, regardless of anatomical variations amongst patients (i.e., accessory ossicles);



	
Be highly repeatable. A highly repeatable coordinate system implies the construction of exactly the same coordinate system within an individual foot if the protocol is repeated. This will enable the same foot orientation in the preoperative planning and independent analysis, regardless of the operator;



	
Be clinically relevant with recognizable anatomical planes. This is necessary for the clinical interpretation of the deformity. When the virtual AP and lateral views of the coordinate system correspond with the corresponding radiographic images, a coordinate system is clinically relevant and has recognizable anatomical planes;



	
Be compatible with CT scans of the foot. This will make it possible to construct the coordinate system regardless of the scanned section of the tibia and fibula;



	
Not be sensitive to the ankle joint angle. This will enable the forefoot to be positioned clinically relevantly in the coordinate system, regardless of the ankle joint angle;



	
Not include the shape and orientation of the bones in the forefoot by fitting an object since these bones might be deformed.






Using these requirements, two strategies were developed to define a global coordinate system in the foot. The first strategy (CS1) was to use as many points as possible on the 3D foot model (Protocol S1). The second strategy (CS2) involved applying as much automatic point selection as possible while using the points that were the furthest apart from one another (Protocol S2).




2.2. Study Design and Subjects


An observational study was conducted at the OCON Centre for Orthopedic Surgery and Sports Medicine, Hengelo, The Netherlands. Inclusion criteria for the study were patients with a hallux valgus deformity who underwent a CT scan for regular care purposes. Exclusion criteria for the study were previous hallux valgus surgery. Data were anonymized and used for the present study unless patients had opted out of use of their medical data for research purposes. A total of nine feet of nine patients (nine female), with a median age of 30 (17–63) years and a BMI of 26.2 (18.5–32.5) kg/m2, were included.




2.3. Data Acquisition


CT scans were acquired on a Siemens SOMATOM Definition AS or Siemens SOMATOM Drive (Siemens Healthineers AG, Erlangen, Germany) using adjusted Materialise CT scan parameters for the foot (Table 2), with the patient in supine position. A splint was used in six patients to create a constant plantigrade foot and neutral ankle position across patients (Figure 1). The splint prevented motion interference and provided the greatest possible replication of stance on a flat surface. The foot CT scans of the other three patients were retrospectively used without a splint.



The CT scans were exported to Materialise’s Interactive Medical Image Control System 21.0 (Mimics v21.0, Materialise NV, Leuven, Belgium) in the Digital Imaging and Communications in Medicine (DICOM) format for segmentation. A thresholding tool was used to construct a mask of all pixels with a threshold range of 226 to 3071 Hounsfield Units, and the resulting segmentation mask was then manually edited to eliminate holes. Each bone in the segmentation masks was rendered to form a 3D structure, and all bones together formed a 3D model showing the relative positions of the segmented bones in space. The Mimics program files were then converted to 3D binary formatted stereolithography (STL) files. These files were imported to 3-Matic software (Materialise NV, Leuven, Belgium) to construct the two global coordinate systems.




2.4. Coordinate System Definitions


This study used the direction definitions of the x- (pointing to the right), y- (pointing anteriorly), and z-axis (pointing cranially) to form axes that were clinically applicable, despite the ISB recommendations for an anteriorly pointed x-axis, a cranially pointed y-axis, and a z-axis pointed to the right [12].



The talus was used in the construction of CS1 due to its preservation throughout a broad spectrum of forefoot deformities and its availability in foot CT scans. This will develop a robust coordinate system that is compatible with CT scans of the foot, not sensitive to the ankle joint angle, and does not include bones in the forefoot. To start the construction of CS1, the facies superior of the trochlea tali was manually drawn (Figure 2a). Through this surface, a cylinder was fitted with its longitudinal axis, defining the direction of the x-axis as the normal vector to a sagittal plane (Figure 2b). The Origin (O) was defined as the midpoint of the talar intersections (TI1 and TI2) of the axis of the cylinder (Figure 2c). The y-axis was defined as follows. First, the longitudinal talus inertia axis was generated (Figure 2d), and at the intersection point with the cylinder (IPC), an additional line parallel to the x-axis was created (Figure 2e). The y-axis runs from the Origin to the intersection point of the additional line with a sagittal plane (IPS) (Figure 2f). The z-axis was orthogonal to the x-axis and y-axis (Figure 3).



The construction of CS2 was a completely automated strategy using the talus and the three weight-bearing points on the calcaneus and first and fifth metatarsal heads due to its preservation throughout a broad spectrum of forefoot deformities and availability in foot CT scans. This will develop a robust coordinate system that is compatible with CT scans of the foot, not sensitive to the ankle joint angle and does not include bone in the forefoot. To start the construction of CS2, the most caudal point of the first metatarsal–sesamoid complex (M1), fifth metatarsal (M5), and calcaneus (C) were automatically selected in the original CT scan orientation (Figure 4a). These three weight-bearing points were used to construct a ground plane (Figure 4b). The normal vector of the ground plane defined the direction of the z-axis (Figure 4c). The inertia axes of the talus were generated, with their intersection point serving as the Origin (O) (Figure 4d). To ensure an orthogonal coordinate system, the longitudinal talus inertia axis was projected on the ground plane, defining the direction of the y-axis (Figure 4e). The normal vector and the projected longitudinal talus inertia axis were translated towards the Origin to form the z-axis and y-axis (Figure 4f). The x-axis was orthogonal to the z-axis and y-axis (Figure 5).




2.5. Coordinate System Evaluation


The developed coordinate systems comply with the requirements that the global coordinate system in the foot should be well defined, be robust, be compatible with CT scans of the foot, not be sensitive to the ankle joint angle, and not include bones in the forefoot. The repeatability and clinical relevancy of the global coordinate systems in the foot were evaluated.



Evaluation of repeatability was assessed as follows. Two different operators constructed the coordinate systems of the six splinted feet independently, using different strategies. The operators were a technical physician and an orthopedic surgeon (OS). The operators were both familiar with foot anatomy and the technical physician with the employed software. The technical physician repeated the construction of each coordinate system two times for each foot with an interval of one week (TP1 and TP2). The absolute angle of rotation was used to quantify repeatability, and it describes the smallest angle of rotation between the repeated coordinate system construction of the technical physician (TP1 and TP2) and for the two operators (TP1 and OS) (Figure 6). The amount of rotation around each axis required to align two coordinate systems was depicted using the axis with angle magnitude. This was calculated for the repeated construction of the technical physician (TP1 and TP2) and for the two operators (TP1 and OS).



Evaluation of clinical relevancy was assessed by generation of virtual weight-bearing AP and lateral images for the nine 3D foot models (Figure 7). Based on the first coordinate system construction of the technical physician, the view straight at the xy-plane and yz-plane represented the virtual AP and lateral image. These virtual images represent the conventional radiographic images, which are used as a reference frame to interpret the virtual images. Orthopedic surgeons were asked if they could use the virtual images for the clinical interpretation of the deformity. The coordinate system was clinically relevant and had recognizable anatomical planes if the virtual images corresponded with the corresponding conventional radiographic images. The virtual images of the three 3D foot models without a splint allowed the assessment of the clinical relevancy without the use of a splint in the CT scan.





3. Results


CS1 intraobserver repeatability ranged from 0.48° to 2.12° (Table 3). The interobserver repeatability of CS1 ranged from 0.92° to 5.86°. CS2 was automated and, therefore, had an intra- and interobserver repeatability of 0°. More specific details on the amount of rotation around each axis necessary to align the two coordinate systems can be found in Table 4. Variation in orientation of the x-, y-, and z-axis was found for each patient in CS1. Each patient had a different axis that required the most rotation to align TP1 and TP2 or OS. For CS2, there was no deviation in orientation of the three axes between TP1 and TP2 or TP1 and OS for any of the patients.



The virtual AP and lateral images of CS1 and CS2 compared to the corresponding AP and lateral radiographic images of Patient 2 are depicted in Figure 6. Two orthopedic surgeons indicated that the virtual AP and lateral images of CS1 did not correspond to the conventional radiographic images of the foot, as the foot appears to be inclined and in endorotation. Both surgeons indicated that the virtual images of CS2 were the most recognizable and corresponded to the conventional weight-bearing AP and lateral radiographic images of the foot. However, the foot does not lay exactly straight in line in the virtual AP image of CS2. The virtual AP and lateral images of CS1 and CS2 compared to the corresponding radiographic images of the three 3D foot models without a splint are depicted in Figure A1 and Figure A2. Both orthopedic surgeons indicated that the virtual images of CS2 were the most recognizable and corresponded to the conventional weight-bearing radiographic images when not using a splint.




4. Discussion


The primary objective of this study was to establish a global coordinate system definition within the foot, specifically for the purpose of planning forefoot corrections. The study aimed to propose a well-defined, robust, and highly repeatable coordinate system that holds clinical relevance, is compatible with foot CT scans and remains independent of variations in the ankle joint angle. To achieve these objectives, the research explored and discussed two distinct strategies for defining such a global coordinate system in the foot.



The definition of CS2 was preferred because it meets all the requirements for the development of a new global coordinate system in the foot. CS2 includes the definition of two axes and the position of the origin, resulting in a well-defined coordinate system. In addition, the construction of CS2 uses the talus and three weight-bearing points of the foot due to its preservation throughout a broad spectrum of forefoot deformities and availability in foot CT scans. This creates a robust coordinate system that is constructed consistently using the same definition regardless of anatomical variations. The analysis demonstrated that the automated strategy, CS2, exhibits a high level of repeatability, both inter- and intra-operator. This repeatability is attributed to the minimal intervention required from the operator during the process of defining the coordinate system. This will enable independent analysis of each foot in the same coordinate system, regardless of the operator, as it always creates the same coordinate system. The correspondence between the virtual AP and lateral images and the weight-bearing AP and lateral radiographic images validates the clinical relevance of CS2, as it aligns with identifiable anatomical planes. Consequently, the quantification of the absolute and relative position and orientation of the foot bones can be effectively communicated in a clear and consistent manner using this coordinate system. Moreover, the construction of CS2 is completed using standard foot CT scans, and therefore, altering the parameters to extend the scanning area is not necessary. As a result, radiation exposure is not increased. Additionally, the construction of CS2 does not include bones in the forefoot and is not sensitive to the ankle joint angle, allowing the forefoot to be positioned clinically relevant in the coordinate system, regardless of the ankle joint angle. As a result, the definition of CS2 allows geometrical representations of the position and orientation of the bones in the foot for the planning of forefoot corrections.



Despite the definition of CS1 being well-defined, robust, compatible with foot CT scans, independent of the ankle joint angle, and excluding bones in the forefoot, it was not preferred because of its poor repeatability and clinical relevancy.



Although a number of previous studies proposed a global coordinate system in the foot (Table 1) [4,13,14,15,16,17], their definitions did not meet the requirements of being well-defined, robust, highly repeatable, clinically relevant, compatible with foot CT scans, independent of the ankle joint angle, and excluding bones in the forefoot. Additionally, to the best of our knowledge, this is the first study that has quantified perfect repeatability of the global coordinate system for the foot using the absolute angle of rotation. Conconi et al. previously used the absolute angle of rotation to calculate the rotational variability among local coordinate systems in the foot [10]. However, the largest rotational variability they reported was 4.2°. The current study quantified this value as poor repeatability, given its proximity to the absolute angles of rotation in the definition of CS1. In addition, this value does not match with the largest absolute angle of rotation (0°) found in the definition of CS2. This confirms the perfect repeatability found in this study. Green et al. previously referenced the x-axis and y-axis against a best-fit talar centroidal axis to evaluate the variability of the global coordinate system [4]. The calculated angles between the axes and the best-fit talar centroidal axis both had a standard deviation of 2.36°. The current study also quantified these values as poor repeatability, given its proximity to the found axis with angle magnitudes in the definition of CS1. In addition, these values do not match the largest axis with an angle magnitude (0°) found in the definition of CS2. This also confirms the perfect repeatability found in this study.



This study has several limitations. First, this study is based on only nine 3D foot models of patients with hallux valgus. This limitation is mitigated by the use of the automated method that results in perfect repeatability, but additional evaluation of the clinical relevancy may be required. Secondly, the effect of segmentation on the coordinate system is not evaluated. The inertia axes of the talus are sensitive to bone geometry for axes different from the main one (the longitudinal talus inertia axis) [10]. The bone geometry depends on how the CT scan was segmented to generate the 3D model. Different segmentation software, CT scan parameters, and operator segmentation expertise may result in differences in bone geometry. However, several studies showed high repeatability and accuracy for the segmentation process using Mimics software [19,20,21,22,23,24]. Although the exact effect of segmentation on the coordinate system is uncertain, it is believed to be negligible. Thirdly, the weight-bearing condition is not taken into account in this study. Weight-bearing CT scanners (WBCTs) enable imaging of the foot to be carried out in the natural weight-bearing position. Weight-bearing widens the forefoot when the medial ray moves through the tarsometatarsal joint [25,26,27,28]. WBCT has the advantage of reduced radiation exposure [29,30], and it improves the evaluation of forefoot deformities [14,26,27]. However, the patients in this study could not stand in the CT scanner during image acquisition. The splint (Figure 1) provided the greatest possible replication of stance on a flat surface, maintaining a constant plantigrade foot and neutral ankle position across patients. It is believed that the use of this splint results in automatically selected points on the same level as in the weight-bearing situation, leading to a similar normal vector. Consequently, weight-bearing is believed to have little to no effect on the constructed coordinate system and its virtual images. Nevertheless, it is recommended to use WBCT for the evaluation of forefoot deformities when this is available in the hospital. Fourthly, a limitation is the necessity of acquiring a CT scan for patients with minor pathologies. The availability of CT scanners can also differ from hospital to hospital or country to country. Although this is outside the scope of this study, some initiatives have been set up to transfer data from 2D radiographic images to a 3D digital model [31,32]. This might be a future solution to avoid the need for a CT scan for patients with minor pathologies. The proposed coordinate system definition of CS2 also has some limitations. First, talus deformities may result in different orientations of its inertia axes, affecting the coordinate system. In addition, talus and midfoot malalignment may lead to a different y-axis orientation relative to the forefoot. Since forefoot deformities were the focus of this study, the morphology of the hindfoot and the alignment of the talus and midfoot were assumed to be more or less normal. Secondly, the coordinate system may also be affected by the foot position in the CT scanner because of the use of the automatic point selection in the original CT scan orientation. The foot position determines the most caudal automatic selected points on the first metatarsal–sesamoid complex, fifth metatarsal, and calcaneus (Figure 4a). Consequently, plantarflexion of the ankle in the CT scanner will result in a more distal automatically selected point on the calcaneus compared to Figure 4a. However, a splint (Figure 1) solves this problem by creating a constant plantigrade foot and neutral ankle position across patients. The only factor that may have affected the automatic point selection is the skewed positioning of the patient on the table of the CT scanner. This can result in more laterally or medially selected points on the first metatarsal–sesamoid complex, fifth metatarsal, and calcaneus. However, it is believed to have little to no impact on the constructed normal vector of the ground plane. The strength of this study is that, to the best of our knowledge, this is the first study that has established and quantified the repeatability and clinical relevancy of two potential global coordinate systems in the foot.



Finally, the presented work represents the preliminary step towards preoperative 3D planning of forefoot corrections. Currently, radiographic 2D measurements are necessary for the clinical interpretation of hallux valgus (e.g., the hallux valgus angle (HVA) and intermetatarsal angle (IMA)). With the proposed coordinate system, it becomes possible to derive clinically relevant measurements from the 3D foot model by projecting them onto the virtual views of the coordinate system. For example, the longitudinal inertia axes of the first metatarsal and the proximal phalanx can be automatically generated and projected on the virtual AP view of the coordinate system to measure the HVA. Similarly, the longitudinal inertia axes of the first and second metatarsals can be automatically generated and projected on the virtual AP view of the coordinate system to measure the IMA. In future endeavors, the proposed coordinate system will be utilized to accurately identify the optimal location and appropriate procedure for correcting forefoot deformities, thus preventing the need for extensive or unplanned surgical interventions. Future research may adopt the proposed coordinate system broadly and reach a consensus in order to conduct meaningful comparisons between studies.




5. Conclusions


This study presented an automated method for defining a well-defined, robust, highly repeatable, clinically relevant, compatible with foot CT scans, independent of the ankle joint angle, and not include bones in the forefoot global coordinate system in the foot for the preoperative planning of forefoot corrections. A high repeatability is achieved by the automated method since it does not rely on manually selected landmarks or fitting spheres to the bone surfaces. Using this automated method will make it easier to quantify the absolute and relative position and orientation of the bones in the foot and contribute to advanced knowledge of foot morphology. This could provide more information on the multiplanar nature of hallux valgus, which might assist with the preoperative planning of hallux valgus corrections.
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Appendix A


Figure A1 and Figure A2 depict the virtual AP and lateral images of CS1 and CS2 compared to the corresponding radiographic images of the three 3D foot models without a splint.
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Figure A1. CS1 and CS2 virtual anteroposterior (AP) images of the three 3D foot models without a splint compared to the corresponding conventional AP radiographic image: (a) Foot model one virtual AP image CS1. (b) Foot model one virtual AP image CS2. (c) Corresponding conventional AP radiographic image. (d) Foot model two virtual AP image CS1. (e) Foot model two virtual AP image CS2. (f) Corresponding conventional AP radiographic image. (g) Foot model three virtual AP image CS1. (h) Foot model three virtual AP image CS2. (i) Corresponding conventional AP radiographic image. 






Figure A1. CS1 and CS2 virtual anteroposterior (AP) images of the three 3D foot models without a splint compared to the corresponding conventional AP radiographic image: (a) Foot model one virtual AP image CS1. (b) Foot model one virtual AP image CS2. (c) Corresponding conventional AP radiographic image. (d) Foot model two virtual AP image CS1. (e) Foot model two virtual AP image CS2. (f) Corresponding conventional AP radiographic image. (g) Foot model three virtual AP image CS1. (h) Foot model three virtual AP image CS2. (i) Corresponding conventional AP radiographic image.
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Figure A2. CS1 and CS2 virtual lateral image of the three 3D foot models without a splint compared to the corresponding conventional lateral radiographic image: (a) Foot model one virtual lateral image CS1. (b) Foot model one virtual lateral image CS2. (c) Corresponding conventional lateral radiographic image. (d) Foot model two virtual lateral image CS1. (e) Foot model two virtual lateral image CS2. (f) Corresponding conventional lateral radiographic image. (g) Foot model three virtual lateral image CS1. (h) Foot model three virtual lateral image CS2. (i) Corresponding conventional lateral radiographic image. 






Figure A2. CS1 and CS2 virtual lateral image of the three 3D foot models without a splint compared to the corresponding conventional lateral radiographic image: (a) Foot model one virtual lateral image CS1. (b) Foot model one virtual lateral image CS2. (c) Corresponding conventional lateral radiographic image. (d) Foot model two virtual lateral image CS1. (e) Foot model two virtual lateral image CS2. (f) Corresponding conventional lateral radiographic image. (g) Foot model three virtual lateral image CS1. (h) Foot model three virtual lateral image CS2. (i) Corresponding conventional lateral radiographic image.
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Figure 1. The splint used to create a constant plantigrade foot and neutral ankle position across patients. 
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Figure 2. The construction of CS1: (a) Axial view of the talus with the drawing of the facies superior of the trochlea tali. (b) Illustration of the talus with the cylinder fitted on the identified facies superior of the trochlea tali defining the direction of the x-axis (red line) as the normal vector to a sagittal plane. (c) Illustration of the talus and the Origin as the midpoint of the talar intersections (TI1 and TI2) of the axis of the cylinder, without the fitted cylinder and sagittal plane. (d) Illustration of the talus and its longitudinal inertia axis without the fitted cylinder and sagittal plane. (e) Illustration of the talus and its longitudinal inertia axis intersecting the cylinder (IPC) without the sagittal plane. An additional parallel to the x-axis was created. (f) Illustration of the talus with the y-axis running from the Origin (O) to the intersection point of the additional line with the sagittal plane (IPS). 
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Figure 3. The axes of the global coordinate system of CS1 centered at the origin: x-axis (red), y-axis (yellow), z-axis (green). 






Figure 3. The axes of the global coordinate system of CS1 centered at the origin: x-axis (red), y-axis (yellow), z-axis (green).



[image: Biomechanics 03 00042 g003]







[image: Biomechanics 03 00042 g004] 





Figure 4. The construction of CS2: (a) Posterior–anterior view of the foot with the three automatically selected weight-bearing points: the most caudal point of the first metatarsal–sesamoid complex (M1), fifth metatarsal (M5), and calcaneus (C) in the original CT scan orientation. (b) Illustration of the foot with the ground plane based on the three weight-bearing points. (c) Illustration of the foot with the normal vector of the ground plane defining the direction of the z-axis. (d) Illustration of the inertia axes of the talus with its intersection point serving as the Origin (O). (e) Illustration of the foot with the projection of the longitudinal talus inertia axis on the ground plane, defining the direction of the y-axis. (f) Illustration of the foot with the normal vector and projected longitudinal talus inertia axis translated towards the Origin to form the z-axis and y-axis. 
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Figure 5. The axes of the global coordinate system of CS2 centered at the origin: x-axis (red), y-axis (yellow), z-axis (green). 
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Figure 6. The absolute angle of rotation describing the smallest angle of rotation between the first coordinate system construction of the technical physician (TP1) and the orthopedic surgeon (OS). 
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Figure 7. CS1 and CS2 virtual anteroposterior (AP) (perpendicular view on the xy-plane (x-axis (red), y-axis (yellow)) and lateral (perpendicular view on the yz-plane (y-axis (yellow), z-axis (green)) images of Patient 2 were compared to the corresponding conventional AP and lateral radiographic images. For the exact generation of the virtual image, see the body text: (a) CS1 virtual AP image; (b) CS2 virtual AP image; (c) corresponding conventional AP radiographic image; (d) CS1 virtual lateral image; (e) CS2 virtual lateral image; (f) corresponding conventional lateral radiographic image. 
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Table 1. Overview of different studies that defined a global coordinate system in the foot, specifying the accompanying limitations.






Table 1. Overview of different studies that defined a global coordinate system in the foot, specifying the accompanying limitations.





	Study
	Limitations





	Cappozo et al. [13]
	Operator-dependent accuracy and repeatability



	Green et al. [4]
	Dependent on the scanned section of the fibula



	Geng et al. [14]
	Origin not explicitly defined



	Ortolani et al. [15]
	Origin not explicitly defined



	Yoshioka et al. [16]
	The ankle joint angle determines the location of the forefoot in the global coordinate system



	Modenese et al. [17]
	No definition of how axes intersect the origin










 





Table 2. The adjusted Materialise CT scan parameters for the foot.
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	Helical Region of Interest
	Just above the tibiotalar joint through to the carpal–metacarpal joints, dependent on the region of interest



	Collimation
	Slice thickness: 1.25 mm or smaller

Slice increment: 0.625 mm (50% overlap)



	kVp
	120



	mAs
	As given by the automatic system



	Pitch
	Use 1 or smaller



	Field of View (FOV)
	Fit the whole foot



	Matrix
	Use a 512 × 512 matrix



	Kernel/Algorithm
	Moderate/soft tissue










 





Table 3. The absolute angle of rotation between the first (CS1) and second coordinate system (CS2) definition of the technical physician (TP1 and TP2) and between TP1 and the coordinate system definition of the orthopedic surgeon (OS).
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	Absolute Angle of Rotation
	Patient 1
	Patient 2
	Patient 3
	Patient 4
	Patient 5
	Patient 6
	Mean (SD)





	CS1
	
	
	
	
	
	
	



	TP1–TP2
	1.66°
	0.48°
	0.86°
	1.48°
	2.12°
	1.75