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Chapter 1: General introduction 

1.1 Background 
Hallux valgus is the most common forefoot deformity. It is a multiplanar deformity defined by medial angulation 
and pronation of the first metatarsal and lateral deviation of the proximal phalanx at the first 
metatarsophalangeal (MTP) joint (Figure 1).1-6 The prevalence of hallux valgus increases with age, affecting 23% 
of adults aged 18 to 65 years and more than 35% in people over 65 years old.1,3,7,8 The deformity is more prevalent 
in females (30%) than in males (13%). Hallux valgus deformity is commonly referred to as bunion. It is associated 
with increased levels of forefoot pain and can lead to foot malalignment, inability to wear appropriate footwear, 
loss of function and disability.4,7,9 The etiology of hallux valgus is multifactorial and can be divided into extrinsic 
and intrinsic factors.4,10 Extrinsic factors are inadequate footwear and overload, such as long walks and carrying 
excessive load.4,8,10 Intrinsic factors are genetics, ligamentous laxity, metatarsus primus varus, pes planus, 
functional hallux limitus, sexual dimorphism, age, metatarsal morphology, first-ray hypermobility, and a tight 
Achilles tendon.4,8,10  

 
Figure 1. Illustration of the hallux valgus deformity in the anteroposterior view. 

 
Although the pathophysiology of hallux valgus is complex, it is generally accepted that the formation of the 
deformity occurs in the following steps within years (Figure 2).5,10-12 1) The medial capsule, medial metatarsal 
sesamoid ligament and medial collateral ligament fail, causing the first metatarsal to drift medially, slipping off 
the sesamoids. 2) The proximal phalanx moves laterally as it is attached to the sesamoids and the adductor 
hallucis tendon. 3) The medial sesamoid can erode the cartilage and crista on the plantar surface of the 
metatarsal head, allowing the metatarsal head to shift more medially. 4) The extensor and flexor hallucis longus 
tendons shifts laterally to the first MTP joint exaggerating the abduction force on the hallux. 5) As the metatarsal 
head drops off the sesamoid apparatus, it pronates because of the muscle forces acting across it. 6) Due to the 
plantar migration of the abductor hallucis tendon, it is unable to correct the hallux valgus deformity. Since the 
adductor hallucis tendon is laterally attached to the plantar surface, it tends to pull the proximal phalanx into 
pronation. 7) The pressure exerted by footwear on the prominent medial eminence causes the bursa overlying 
the medial eminence to thicken.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2. Pathophysiology of hallux valgus adapted from Perera et al.10 (a) Illustration of hallux valgus in the 

anteroposterior view. (b) Closer look at the black box in Figure 1a, showing the medial shift of the metatarsal head (1), 

with the lateral movement of the proximal phalanx (2). The flexor hallucis longus tendon (FHL) shifts laterally (4). (c) Cross-
section at the red line in Figure 1a, showing the medial shift of the metatarsal head (1) and the pronation of the metatarsal 

head (5). (d) Cross-section at the red line in Figure 1a, showing the lateral shift of the abductor hallucis (AbH), adductor 
hallucis (AdH), flexor hallucis longus (FHL), and extensor hallucis longus (EHL) (4 and 6). Due to the pressure of the medial 
sesamoid on the crista, the cartilage is eroded, and the crista flattened (3). The bursa overlying the medial eminence 
thickens because of the pressure exerted by footwear on a prominent medial eminence (7). 

 
Establishing the diagnosis of hallux valgus can typically be done through a physical exam and radiographic two-
dimensional (2D) imaging.13 Radiographic imaging is performed for multiple purposes during diagnosis and 
treatment.4,5 For diagnosis and to assess the severity of the deformity, weight-bearing lateral and 
anteroposterior (AP) images of the foot are taken (Figure 3). The lateral images of the foot are used to evaluate 
the first metatarsal position (elevated or plantar-flexed) and dorsal exostosis/ osteophytes.13 On the AP images 
of the foot, various radiographic angles allow assessment of the severity of the hallux valgus deformity.4,14 Of 
which, the Hallux Valgus Angle (HVA) and the Intermetatarsal Angle (IMA) are the most regularly utilized 
radiographic measurements (Figure 4).4,7 A HVA < 15° is considered normal, and angles > 15°, 20°, and 40° 
representing mild, moderate, and severe deformities.15 A IMA < 9° is considered normal, and angles > 9°, 11°, 
and 18° representing mild, moderate, and severe deformities.15 Based on the severity of the deformity, a 
treatment plan is made.13 
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(a) 
 

(b) 

Figure 3. (a) Weight-bearing lateral radiographic image of the foot. (b) Weight-bearing anteroposterior radiographic 

image of the foot. 
 
 

 
(a) 

 
(b) 

Figure 4. (a) The measured Hallux Valgus Angle (HVA) and Intermetatarsal Angle (IMA). (b) The measured HVA and IMA 

on anteroposterior radiographic images. 
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The goal of hallux valgus treatment is to relieve pain and improve function of the foot.7 Conservative treatment, 
including footwear modifications and insoles, should be started first.16-18 However, conservative management is 
not curative and is followed by surgery if pain persists.1 There are more than 100 surgical procedures for the 
correction of hallux valgus, such as osteotomies, tarsal-metatarsal arthrodesis (Lapidus), and soft tissue 
procedures.7,19 A Chevron osteotomy, Scarf osteotomy, opening wedge osteotomy, and Akin proximal phalanx 
osteotomy are some of the numerous forms of osteotomies available (Figure 5). The severity of the deformity 
and the amount of correction needed determine the choice and level of osteotomy (proximal, midshaft, or 
distal).17 Proximal osteotomies (e.g. proximal Chevron and proximal wedge osteotomy) are used for more severe 
deformities with a high IMA (≥14°).17,19-21 Midshaft osteotomies (e.g. Scarf osteotomy) are indicated for moderate 
to severe hallux valgus deformities.17,19 Distal osteotomies (e.g. distal Chevron osteotomy and Akin) are used for 
mild to moderate deformities.17,19,20 Tarsal-metatarsal arthrodesis (Lapidus procedure) is indicated for severe 
hallux valgus deformities, a hypermobile first ray, and a degenerative first tarsometatarsal.17,21  
 

 
Figure 5. Locations of surgical procedures to treat hallux valgus. 1) Lapidus. 2) Chevron. 3) Scarf. 4) Opening wedge. 5) 
Akin. 

 
Surgical hallux valgus correction is still somewhat tainted by higher than anticipated rates of suboptimal 
outcomes.22 As only two-thirds of patients report being completely satisfied with the surgical outcome. Next, the 
reported incidence of complications, such as the common postoperative complication of recurrent hallux valgus 
(postoperative HVA ≥ 20° and IMA ≥ 12°), ranges from 10% to 55%.23-25 Most hallux valgus recurrences are caused 
by surgical factors such as inadequate procedure selection, technical issues including the fixation method, and 
the performance of the orthopedic surgeon.24  
 
Mini-C-arm fluoroscopy is frequently used perioperatively to assist the orthopedic surgeon in hardware 
placement and the assessment of the deformity correction to prevent technical issues and supports the 
performances of the orthopedic surgeon.4,7,26-28 During surgical hallux valgus corrections, the objective is to 
correct the HVA and IMA.29 Correction of these angles decreases the chance of hallux valgus recurrence.30 Since 
the orthopedic surgeon is perioperatively scrubbed and does not have time for an in-depth analysis of each 
perioperative image, the degree of correction is visually inspected, giving a visual estimation of the HVA and IMA 
(Figure 6). Based on this visual information, the correction may be surgically altered, and the perioperative 
fluoroscopy repeated to verify if the desired correction is achieved. This process requires repeatable and 
consistent perioperative images that correlate with the postoperative fluoroscopic images to visualize the 
achieved correction accurately. To achieve consistent perioperative fluoroscopic images, the rotational and 
linear movements of a mini-C-arm must be efficiently and properly positioned.27 Obtaining fluoroscopic images 
in a standardized fashion is difficult to achieve during foot and ankle surgery.26 Several factors make it difficult 
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to get certain views, for example the range of motion at the hip and knee, the weight of the leg, the drapes, and 
highly complex anatomy of the foot. Repeated image acquisition as the C-arm is positioned through trial-and-
error, achieves accurate fluoroscopic images at the expense of time and radiation exposure to the patient and 
surgical staff.27 To obtain repeatable and consistent perioperative images, reduce the radiation dose and save 
time, a structured protocol for the use of perioperative fluoroscopy is necessary. This may help to improve the 
outcomes of the surgical correction of hallux valgus.  
 

 
Figure 6. Perioperative radiographic image of the foot during surgical hallux valgus corrections.  

 
The surgical procedure is chosen based on the severity of the deformity and the amount of correction needed, 
which are assessed using 2D radiographs.17 Standard 2D radiographs uses a 2D projection of a 3D structure as a 
simplified representation of anatomical information in one plane. Since the standard 2D radiographic images are 
not exactly orthogonal, multiplanar deformities like hallux valgus cannot be adequately analyzed on each 
anatomical plane separately, causing unintentional corrections in untargeted planes.31 As a result, 2D 
radiographs provide a limited amount of information to aid in the surgical procedure selection.32 Since one 
procedure does not correct all forms of hallux valgus deformities, adequate procedure selection is a critical issue. 
The large number of surgical procedures for the treatment of hallux valgus demonstrates how difficult it is to 
select the adequate surgical procedure and consequently achieve consistently satisfactory, long-term 
outcomes.23,33 Next, it would be beneficial to switch to the 3D analysis of hallux valgus to address the errors 
induced by 2D analysis. In comparison to conventional surgical procedure selection, a sufficient 3D analysis 
method could provide more information of the multiplanar nature of hallux valgus.34  This might help to improve 
the adequate surgical procedure selection of hallux valgus corrections, and consequently achieve more 
consistently satisfactory, long-term outcomes. 
 
This thesis aims to optimize surgical hallux valgus corrections by 1) obtaining repeatable and consistent 
perioperative images, and 2) transition the surgical procedure selection based upon a 3D analysis and planning 
approach. Therefore, a protocol for the use of perioperative fluoroscopy was developed and evaluated (Chapter 
2). To enable the transition towards a 3D planning approach, a relevant global coordinate system in the foot was 
developed (Chapter 3). Concepts of the 3D quantification of hallux valgus for future 3D planning of surgical hallux 
valgus corrections were elaborated (Chapter 4).  
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Chapter 2: Fluoroscopy during surgical hallux valgus corrections  

Developing a protocol for the use of perioperative fluoroscopy during surgical hallux valgus 

corrections: a pilot study 

Sanne Krakers 1,2, Anil Peters 2, Judith olde Heuvel 2 and Gabriëlle Tuijthof 3 

 

1 Technical Medicine, University of Twente, Enschede, The Netherlands 
2 Department of Orthopedics, Orthopedisch Centrum Oost Nederland (OCON), Hengelo, The Netherlands 
3 Department of Biomechanical Engineering, University of Twente, Enschede, The Netherlands 

 

2.1 Abstract 
Purpose The hallux valgus deformity is one of the most challenging foot and ankle deformities to correct. During 
surgical hallux valgus corrections, the objective is to correct the Hallux Valgus Angle (HVA) and Intermetatarsal 
Angle (IMA) to decrease the chance of hallux valgus recurrence. The orthopedic surgeon can accurately assess 
the deformity correction by using consistent anteroposterior (AP) imaging at various stages of care. The degree 
of correction is visually inspected on perioperative fluoroscopic images, giving a visual estimation of the HVA and 
IMA. This process requires repeatable and consistent perioperative images that correlate with the postoperative 
fluoroscopic images to visualize the achieved correction accurately. This study developed a protocol and tested 
its feasibility in a pilot study for the use of perioperative fluoroscopy during surgical hallux valgus corrections to 
obtain perioperative images that correlate with the postoperative images and fits into the workflow. 
 
Methods An observational study yielded insights on the correlation of the peri- and postoperative fluoroscopic 
images without the use of a protocol, by using HVA and IMA measurements of twelve patients who underwent 
a Chevron osteotomy. The mean measured HVA and IMA of the technical physician were compared and paired 
t-testing was used to assess whether there was a significant difference between the peri- and postoperative 
fluoroscopic images. An orthopedic foot and ankle surgeon also measured the HVA and IMA to assess the 
repeatability of the peri- and postoperative fluoroscopic measurements by computing the Intraclass Correlation 
Coefficients (ICCs) both intra- and inter-observer. Physician-centered experiences with the use of perioperative 
fluoroscopy were explored through a questionnaire and focus group or interview to reveal the requirements of 
the protocol. A pilot study was conducted to verify how the developed protocol meets the requirements of 
safety, efficiency, and effectiveness. The total dose area product (DAP) and time per image acquisition were 
compared during three surgical hallux valgus corrections without protocol versus three with protocol. The HVA 
and IMA were measured on both the peri- and postoperative images by a technical physician, and a small 
consensus meeting was held to test the opinion on the use of the protocol.  
 
Results Results show that the mean peri- (11.5° ± 5.9°) and postoperative (11.4° ± 4.5°) measured HVA were not 
significantly different (p = 0.946). However, a statistically significant increase is measured between the mean 
postoperative (6.9° ± 1.9°) IMA compared with the perioperative (5.0° ± 1.8°) IMA (p = 0.008). The inter- and 
intraobserver repeatability of the peri- and postoperative fluoroscopic measurements ranged from 0.617 to 
0.893 and from 0.778 to 0.960. Based on the information collected from the observational study, questionnaire, 
focus group, and interviews, the requirements revealed that the use of perioperative fluoroscopy should 
generate fluoroscopic images that correlate with the postoperative fluoroscopic images, and fit into the 
workflow of surgical hallux valgus corrections. Not using the protocol resulted in a total DAP ranging from 0.2701 
cGy cm2 to 0.3585 cGy cm2 and a time per image acquisition ranging from 10.3 sec to 13.4 sec. Using the protocol 
resulted in a total DAP ranging from 0.2046 cGy cm2 to 1.5060 cGy cm2 and the time per image acquisition ranging 
from 3.4 to 12 sec.  
 
Conclusion The results suggested that the current perioperative image during surgical hallux valgus corrections 
does not correlate with the postoperative image. Based on the information collected from this observational 
study, questionnaire, focus group, and interviews, specific requirements revealed that the use of a protocol 
should generate fluoroscopic images that correlate with the postoperative fluoroscopic images, and fit into the 
workflow of surgical hallux valgus corrections. A pilot study suggest that the implementation of the protocol 
results in the efficient and effective use of perioperative fluoroscopy.  
 
Keywords hallux valgus – mini C-arm – perioperative fluoroscopy – protocol – radiographic angles  
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2.2 Introduction 
Hallux valgus is the most common forefoot deformity, affecting 23% of adults aged 18 to 65 years and more than 
35% in people over 65 years old.1-4 It is a multiplanar deformity defined by medial angulation and pronation of 
the first metatarsal and lateral deviation of the proximal phalanx at the first metatarsophalangeal (MTP) joint.1,2,5-

8 Fluoroscopy is performed for multiple purposes during the diagnosis, treatment, and postoperative evaluation 
of hallux valgus (Figure 1).3,6,7 On pre- and postoperative weight-bearing anteroposterior (AP) images of the foot, 
various fluoroscopic angles allow assessment of the severity of the deformity.6,9 Of which, the Hallux Valgus Angle 
(HVA) and the Intermetatarsal Angle (IMA) are the most regularly utilized fluoroscopic measurements (Figure 
2).3,6 The perioperative use of fluoroscopy, using a mini-C-arm, assist the orthopedic surgeon in hardware 
placement and the assessment of the deformity correction.3,6,10  
 

 
(a) 

 
(b) 

 
(c) 

Figure 1. (a) The preoperative fluoroscopic image performed during diagnosis. (b) The perioperative fluoroscopic image 

performed during treatment. (c) The postoperative fluoroscopic image performed during postoperative evaluation. 

 
The hallux valgus deformity is one of the most challenging foot and ankle deformities to correct, which can lead 
to an unsatisfactory result.11 The reported incidence of complications, such as the recurrent hallux valgus ranges 
from 10% to 55%.12-14 During surgical hallux valgus corrections, the objective is to correct the HVA and IMA.15 
Correction of these angles decreases the chance of hallux valgus recurrence.16 The orthopedic surgeon can 
accurately assess the deformity correction by using consistent AP imaging at various stages of care.17 However, 
the orthopedic surgeon is scrubbed and does not have time for an in-depth analysis of each perioperative image, 
making the utility of perioperative fluoroscopic imaging complicated. The degree of correction is visually 
inspected on perioperative fluoroscopic images after hardware fixation, giving a visual estimation of the HVA and 
IMA (Figure 1B). Based on this visual information, the correction may be surgically altered, and the perioperative 
fluoroscopy repeated to verify if the desired correction is achieved. This process requires repeatable and 
consistent perioperative images that correlate with the postoperative fluoroscopic images to visualize the 
achieved correction accurately. To achieve perioperative fluoroscopic images, the rotational and linear 
movements of a mini-C-arm must be efficiently and properly positioned.18,19 Obtaining fluoroscopic images in a 
standardized fashion is difficult to achieve in foot and ankle surgery.10 Several factors including the range of 
motion at the hip and knee, weight of the leg, drapes, and highly complex anatomy of the foot make it difficult 
to get certain views. Repeated image acquisition as the C-arm is positioned through trial-and-error achieves 
fluoroscopic images at the expense of time and radiation exposure to the patient and surgical staff.18 It is 
desirable to have a standardized method for obtaining perioperative fluoroscopic images that correlate with the 
postoperative fluoroscopic images to visualize the achieved correction accurately. The purpose of this study is to 
develop a protocol and test its feasibility in a pilot study for the use of perioperative fluoroscopy during surgical 
hallux valgus corrections to obtain perioperative images that correlate with the postoperative images and fits 
into the workflow. 
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(a) 

 
(b) 

Figure 2. (a) The Hallux Valgus Angle (HVA), as the angle formed by the bisection of the proximal phalanx of the hallux and 

the line bisecting the shaft of the first metatarsal. The Intermetatarsal Angle (IMA), as the angle formed by the line drawn 

bisecting the first metatarsal and bisecting the second. (b) The measured HVA and IMA on an anteroposterior fluoroscopic 
image. 

 

2.3 Methods 
2.3.1 Observational study  
An observational study was conducted at the OCON Centre for Orthopedic Surgery and Sports Medicine, 
Hengelo, The Netherlands. This observational study assessed the correlation of the peri- and postoperative 
fluoroscopic images without the use of a protocol. Inclusion criteria for the observational study were patients 
with a hallux valgus deformity who underwent a Chevron osteotomy from September 2021 to January 2022 at 
OCON. Exclusion criteria were the absence of perioperative fluoroscopic AP images and previous surgery for the 
correction of hallux valgus. Data were anonymized and used for the present study unless patients had opted-out 
for use of their medical data for research purposes. A total of twelve patients (twelve female) were included.  
Perioperative fluoroscopic AP images were acquired after final fixation of the Chevron osteotomy using a Hologic 
Fluoroscan InSight FD mini-C-arm (Hologic, Inc., Marlborough, United States) with the foot positioned by the 
primary surgeon (Figure 3). Weight-bearing AP images of the foot were acquired six weeks postoperatively. The 
patients were standing in an upright position with the foot in plantigrade and neutral ankle position, 
perpendicular to the detector.  
 
To get insight into the correlation of the peri- and postoperative fluoroscopic images without the use of a 
protocol, the HVA and IMA were measured on both images twice by a technical physician (JiveX Review 5.2.0.22 
(Alphatron Medical Systems B.V.)), with an interval of one week. The mean measured HVA and IMA of the 
technical physician were calculated and compared. To assess whether there was a significant difference between 
the perioperative fluoroscopic images and the postoperative fluoroscopic images, paired t-testing was used, 
after confirmation of data normality (SPSS® v28.0.1.0, IBM Corp., Armonk, NY, US). The p-value of interest was 
0.05 at the 5% level. 
 
An orthopedic foot and ankle surgeon also measured the HVA and IMA to assess the repeatability of the peri- 
and postoperative fluoroscopic measurements. This was done to see if it was possible to draw any conclusions 
about the correlation between the peri- and postoperative images based on the fluoroscopic measurements. 
Fluoroscopic measurements that remain constant throughout measurements (are highly repeatable) can reveal 
information about the correlation between peri- and postoperative images. Intraclass Correlation Coefficients 
(ICCs) were computed both intra- and inter-observer (SPSS® v28.0.1.0, IBM Corp., Armonk, NY, US). 95% CIs were 
determined in the setting of a two-way random effect model, with absolute agreement of a single measurement. 
The fluoroscopic measurements were defined as highly repeatable when there is an ICC > 0.90 both intra- and 
inter-observer.20 The measurements have good repeatability with ICC values between 0.75 and 0.90.  
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Figure 3. Obtaining the perioperative fluoroscopic images with the foot positioned by the primary surgeon. 

 

2.3.2 Physician-centered experiences 
Physician-centered experiences with the use of perioperative fluoroscopy were explored through a 
questionnaire and semi structured focus group or interview. This revealed the requirements of the protocol to 
fit the perioperative use of fluoroscopy in the workflow of surgical hallux valgus corrections. All participants were 
recruited at OCON. A total of six medical professionals (two orthopedic foot and ankle surgeons and four foot 
and ankle operation assistants) were asked to fill out a questionnaire. The questionnaire contained open 
questions concerning their experiences with perioperative fluoroscopy, covering the use of perioperative 
fluoroscopy, their attitude towards operating the mini-C-arm, and their attitude towards communication during 
mini-C-arm positioning. Next, a scaling question was asked to rate their ability to operate the mini-C-arm, on a 
scale from 1-10. 
 
The structure of the focus group is presented in Table 1. During the focus group, two orthopedic foot and ankle 
surgeons created their own visualizations of their ideal situation of the use of perioperative fluoroscopy. These 
results were then discussed. The four foot and ankle operation assistants were interviewed one-on-one. The 
time involved per interview was typically about fifteen minutes. The interviews were largely unstructured, but 
questions were asked concerning the ideal situation of the use of perioperative fluoroscopy. Participants were 
instructed to create their ideal perioperative fluoroscopic scenario. 
 

Table 1. Focus Group Elements, Methods, and Aims. 
Focus Group Element Method Aim 
Introduction The focus group started with a short 

presentation of perioperative fluoroscopic 
imaging during foot/ankle surgeries. 

To evoke thoughts on the use of 
perioperative fluoroscopy in hallux 
valgus corrections 

Composition of ideal scenario Individually, participants were instructed to 
create their ideal perioperative fluoroscopic 
scenario. With the use of a map of the 
Operation Room (OR) and printed OR 
components. 

To gain insight in the participants 
ideal situation of the use of 
perioperative fluoroscopy with the 
mini-C-arm. 

Discussion The different compositions of the ideal 
scenario were shown to the participants to 
start a discussion on the ideal scenario. 

To define placement of OR 
components.  
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2.3.3 Functional requirements obtaining perioperative fluoroscopic images 
Based on the information collected from the observational study, questionnaire, focus group, and interviews, 
specific requirements were formulated for the development of a protocol for the use of perioperative 
fluoroscopy during surgical hallux valgus corrections. The use of perioperative fluoroscopy should:  

• generate fluoroscopic images that correlate with the postoperative fluoroscopic images. 
o Apply pressure on the foot to simulate weight-bearing as in the postoperative fluoroscopic 

images. 
o Place at least half of the foot on the mini-C-arm detector. 

• fit into the workflow of surgical hallux valgus corrections: 
o Using perioperative fluoroscopy should be As Low As Reasonable Achievable (ALARA) to ensure 

safety. This will make it possible to obtain fluoroscopic images with less radiation exposure to 
the patient and surgical staff. 

o Using perioperative fluoroscopy should be timeliness to ensure efficiency. This will enable 
faster image acquisition and mini-C-arm positioning. 

o Using the protocol of perioperative fluoroscopy should be effective. The use of perioperative 
fluoroscopy is more effective when the protocol maintained the sterility, fitted into the limited 
space of the operation room, and was easy to perform.    

Using these requirements, a protocol for the use of perioperative fluoroscopy during surgical hallux valgus 
corrections was made (Appendix A).   
 

2.3.4 Protocol evaluation: a pilot study 

A pilot study was conducted to make an inventory of how the developed protocol functions in terms of safety, 
efficiency, and effectiveness. Three surgical hallux valgus corrections without using the perioperative fluoroscopy 
protocol were observed and compared against three surgical hallux valgus corrections using the protocol. The 
frequency of image acquisitions and the total dose area product (DAP) in cGy cm2 were documented. The total 
DAP for the surgical hallux valgus corrections without and with using the protocol were compared to get an 
impression of the safety of the developed protocol. The safer use of perioperative fluoroscopy was suggested by 
a lower total DAP. The time it takes from positioning the C-arm until the image acquisition was documented and 
the time per image acquisition was calculated for the six surgical hallux valgus corrections. The time per image 
acquisition for the surgical hallux valgus corrections without and with using the protocol were compared to get 
an impression of the efficiency of the developed protocol. The more efficient use of perioperative fluoroscopy 
was suggested by a lower time per image acquisition. The HVA and IMA were measured on both the peri- and 
postoperative images by a technical physician (JiveX Review 5.2.0.22 (Alphatron Medical Systems B.V.)). To 
determine whether following the developed protocol is more effective, a small consensus meeting was held to 
test the opinion on the use of the protocol.  
 

2.4 Results 
The mean perioperative HVA was 11.5° ± 5.9° and IMA 5.0° ± 1.8° compared to a mean postoperative HVA of 
11.4° ± 4.5° (p = 0.946) and IMA 6.9° ± 1.9° (p = 0.008) (Table 2). These results show that there is a statistically 
significant increase in the postoperative measured IMA compared with the perioperative measured IMA. There 
is, however, not a significantly difference in the perioperative and postoperative measured HVA.   
The interobserver repeatability of the peri- and postoperative fluoroscopic measurements ranged from 0.617 to 
0.893 (Table 3). The intraobserver repeatability of the peri- and postoperative fluoroscopic measurements 
ranged from 0.778 to 0.960.  
 

Table 2. Correlation of the peri- and postoperative HVA and IMA measurements by the technical physician. 

 HVA IMA 

Perioperative measurement 11.5° ± 5.9° 5.0° ± 1.8° 
Postoperative measurement 11.4° ± 4.5° 6.9° ± 1.9° 
p-value 0.946 0.008* 
* Significant at 5% level.  
Abbreviations: HVA = Hallux Valgus Angle, IMA = Intermetatarsal Angle 
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Table 3. Interobserver and intraobserver reliabilities of fluoroscopic measurements. 
Reliability, ICC (95%) Interobserver Intraobserver 
HVA   
     Perioperative 0.617 (0.123-0.870) 0.960 (0.867-0.988) 
     Postoperative 0.893 (0.683-0.967) 0.885 (0.651-0.966) 
IMA   
     Perioperative 0.767 (0.213-0.934) 0.778 (0.405-0.930) 
     Postoperative 0.861 (0.038-0.970) 0.908 (0.725-0.972) 
Abbreviations: HVA = Hallux Valgus Angle, IMA = Intermetatarsal Angle 

 
Not using the protocol resulted in a total DAP ranging from 0.2701 cGy cm2 to 0.3585 cGy cm2 (Table 4). The total 
DAP utilizing the protocol ranged from 0.2046 cGy cm2 to 1.5060 cGy cm2. In addition, the time per image 
acquisition not using the protocol ranged from 10.3 sec to 13.4 sec. Utilizing the protocol resulted in a time per 
image acquisition ranging from 3.4 to 12 sec. The measured perioperative HVA and IMA without protocol ranged 
from 4.5° to 10.5° and 2.9° to 5.4°, compared to a perioperative HVA and IMA ranging from 5.2° to 21.3° and 4.7° 
to 6.6° with protocol. The measured postoperative HVA and IMA without protocol ranged from 8.1° to 11.4° and 
6.4° to 7.9° compared to a postoperative HVA and IMA ranging from 8.1° to 22.2° and 5.5° to 8.0° with protocol.  
 

Table 4. Observations and HVA and IMA measurements by the technical physician during three surgical hallux valgus 
corrections using the perioperative fluoroscopy protocol and three without protocol. 

 Frequency Total DAP 
(cGy cm2) 

Positioning 
time (sec) 

Time per image 
acquisition (sec) 

Perioperative Postoperative 

HVA IMA HVA IMA 

Without protocol      
     Operation 1 4 0.2701 41 10.3 7.0° 5.4° 8.1° 7.5° 

     Operation 2 3 0.2082 36 12 10.5° 2.9° 11.4° 6.4° 
     Operation 3 5 0.3585 67 13.4 4.5° 3.4° 11.4° 7.9° 
With protocol      
     Operation 4 4 0.3207 33 8.3 8.4° 4.7° 8.1° 5.5° 
     Operation 5 3 0.2046 36 12 21.3° 6.6° 22.2° 7.4° 
     Operation 6 20 1.5060 67 3.4 5.2° 5.8° 8.2° 8.0° 

Abbreviations: DAP = Doses Area Product 

 
The small consensus meetings revealed the opinions on the use of the protocol. The mini-C-arm could be moved 
to the ideal position with just one motion while maintaining sterility. Therefore, using the protocol was thought 
to be quicker. The protocol was easy to perform since the mini-C-arm could be moved to the ideal position with 
just on motion. However, the mini-C-arm should be rotated with a tighter turn during surgical hallux valgus 
corrections of the left foot (Figure 4). This was sometimes more difficult. By positioning the mini-C-arm on the 
side of the operating room with the most space, the protocol considered the limited space in the operation room.  
 

 
Figure 4. Illustration of the positioning of the mini-C-arm in the operation room. The mini-C-arm rotates with a tighter turn 
(red arrow) during surgical hallux valgus corrections of the left foot compared to the right foot (blue arrow).  
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2.5 Discussion 
Despite the small sample size, the HVA measurements of the observational study suggest that the peri- and 
postoperative fluoroscopic images without the use of a protocol correlate. The postoperative measured IMA had 
a statistically significant increase compared to the perioperative measured IMA (p = 0.008). The IMA 
measurements suggest that there is no correlation between the peri- and postoperative fluoroscopic images, 
despite the small sample size. However, the mean value of the postoperative measured IMA remained within 
the limits of a successful correction (IMA  < 9°).21 These findings may suggest that weight-bearing has a 
statistically significant influence on the measured IMA. According to several publications, weight-bearing widens 
the forefoot as the medial ray moves through the tarsometatarsal joint, increasing the IMA by 1.5° to 2.6°.22-25 
This may explain the statistically significant increase in the postoperative IMA that was found in this study. 
Because of this, the perioperative fluoroscopy protocol specifies that pressure must be administered to the foot 
to mimic weight-bearing and better match the postoperative image. 
The fluoroscopic measurements are operator-dependent,26 as confirmed by the results of this study: there was 
no ICC > 0.90 both intra- and inter-observer. However, there was at least a good repeatability in almost all the 
measurements. What is notable is that the perioperatively measured IMA has lower inter- and intraobserver 
repeatability (ICC 0.767 and 0.778) than the postoperative IMA (ICC 0.861 and 0.908). The lower repeatability 
can be explained by the not complete perioperative images of the foot. In some cases, the first and second 
metatarsal bones are not entirely visible on the perioperative images. Because of this, the perioperative 
fluoroscopy protocol specifies that at least half of the foot must be placed on the mini-C-arm detector.  
The moderate interobserver reliability of the perioperative measured HVA can be explained by the very different 
HVA measurements of the first patient (6.5° and 25.1°). Since the orthopedic foot and ankle surgeon and the 
technical physician conducted their measurements independently without being aware of the other 
measurements, no direct explanation of this difference was discovered. However, it is believed that the 
measured HVA of 25.1° was inaccurate. If this measurement is not included in the statistical analysis, the 
perioperative measured HVA becomes highly repeatable with ICC > 0.90 (ICC 0.961; 95% CI, 0.866-0.989).  
Based on the fluoroscopic measurements, it is challenging to determine if the current peri- and postoperative 
images without the use of a protocol correlate due to its operator-dependent component. However, it is thought 
that the current perioperative image without the use of a protocol does not correlate with the postoperative 
image, based on the IMA measurements that showed good repeatability. This resulted in the specific 
requirement that the use of perioperative fluoroscopy should generate fluoroscopic images that correlate with 
the postoperative fluoroscopic images. Therefore, the perioperative fluoroscopy protocol specifies that pressure 
must be administered to the foot to mimic weight-bearing, and at least half of the foot must be placed on the 
mini-C-arm detector. However, this effect may need to be further evaluated.   
 
Based on the information collected from the observational study and the physician-centered experiences 
explored through the questionnaire, focus group, and interviews with six medical professionals, specific 
requirements were formulated for the development of the protocol. This indicates that the development of the 
protocol has received a lot of attention by involving all relevant stakeholders. To explore all physician-centered 
experiences with perioperative fluoroscopy, multiple tools per participant (questionnaire and focus group or 
interview) were employed due to the small number of relevant stakeholders (n=6). This allowed the collection 
of enough information to formulate specific requirements for the development of the protocol. The 
questionnaire, focus group, and interviews were essential for collecting the various viewpoints of the six medical 
professionals. For example, it was revealed that the orthopedic foot and ankle surgeons are more concerned 
with moving the mini C-arm to the optimal position, whilst the operation assistants tends to focus more on 
everything related to using the C-arm (for example: sterility and the safe use of fluoroscopy). When creating the 
protocol, it was crucial to take this information into account. Thus, the focus group, interviews, and questionnaire 
revealed all the information necessary for the protocol development, despite the fact that there were only a few 
stakeholders. Therefore, this method of collecting data was preferred. 
 
A pilot study was conducted to make an inventory of how the developed protocol functions in terms of safety, 
efficiency, and effectiveness. The DAP was used to measure the amount of radiation released by the mini-C-arm, 
as it is a recommended method of comparing radiation usage during fluoroscopic procedures and may be used 
to assess dose-reduction strategies.27 The results may suggest that the use of the developed protocol was not 
safer because the highest total DAP (ranging from 0.2046 cGy cm2 to 1.5060 cGy cm2) was higher compared to 
the surgical hallux valgus corrections without protocol (ranging from 0.2701 cGy cm2 to 0.3585 cGy cm2). 
However, the six hallux valgus corrections cannot be used to draw a conclusion about the safety of the protocol 
that was developed. The protocol should be tested during more surgical hallux valgus corrections to draw 
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meaningful conclusions about the safety of the protocol. The highest total DAP (1.5060 cGy cm2) was 
documented during operation six. This can be explained by the high frequency of image acquisitions (n=20) 
compared to the other operations. The orthopedic foot and ankle surgeon performing operation six always 
employs more fluoroscopy than the orthopedic foot and ankle surgeon performing the other operations. When 
looking to the total DAP per procedure, Guyonette et al. reported a mean DAP per procedure of 0.8 cGy cm2.28 
Although following the protocol may not be suggested as safer, the total DAP lays below this reported mean DAP 
per procedure, with the exception of operation six. 
Using the protocol was more efficient since the time per image acquisition (ranging from 3.4 to 12 sec.) was 
lower compared to surgical hallux valgus corrections without protocol (10.3 sec to 13.4 sec.). The decrease in 
time per image acquisition was not immediately anticipated because of the learning curve associated with using 
the protocol, which could initially lead to a longer time per image acquisition. Even quicker image acquisition and 
mini-C-arm positioning might be possible with more familiarity with the protocol. 
The measured peri- and postoperative IMA ranges are closer together during surgical hallux valgus corrections 
with protocol (perioperative IMA ranging from 4.7° to 6.6° and postoperative IMA ranging 5.5° to 8.0°) than 
during surgical hallux valgus corrections without protocol (perioperative IMA ranging from 2.9° to 5.4° and 
postoperative IMA ranging 6.4° to 7.9°). This may suggest that the peri- and postoperative fluoroscopic images 
with the use of the protocol correlate. However, the six hallux valgus corrections cannot be used to draw a 
conclusion about the effect of the protocol on the correlation of the peri- and postoperative images. The protocol 
should be tested during more surgical hallux valgus corrections to draw meaningful conclusions about the effect 
of the developed protocol on the correlation between peri- and postoperative images. 
The protocol was more effective since it maintained the sterility, fitted into the limited space of the operation 
room, was easy to perform, and using the protocol was thought to be quicker. Consequently, it is likely that the 
protocol will be used in the future. However, because the mini-C-arm needed to be rotated with a tighter turn 
during surgical hallux valgus corrections of the left foot, it was more challenging to transfer the mini-C-arm to 
the appropriate position. Sharpening the angle at which the detector arm of the mini-C-arm is positioned enables 
a rotation with a wider turn, resolving this problem.  
 
This study has several limitations. First, the peri- and postoperative images were not blinded and randomized 
during the observational study. The HVA and IMA measurements started with the peri- and postoperative image 
of patient one and ended with the peri- and postoperative image of patient twelve. The technical physician was 
unexperienced in measuring the HVA and IMA. As a result, the angular measurements of patient twelve may 
have been more precise than those of patient one because of the learning curve. Secondly, the observational 
study suggest that there is no correlation between the current peri- and postoperative images based on a small 
sample size. Therefore, the power of the test might be too low to identify meaningful differences in the data. To 
address the correlation between the peri- and postoperative images, a bigger sample size is necessary. Thirdly, 
the pilot study uses only six surgical hallux valgus corrections performed by two different orthopedic foot and 
ankle surgeons. More surgical hallux valgus corrections should be considered, and comparisons should be made 
per orthopedic foot and ankle surgeon, to draw meaningful conclusions about the safety, efficiency, and 
effectiveness of the developed protocol. The strength of this study is that to the best of our knowledge, this is 
the first study which has developed and evaluated a protocol for the use of perioperative fluoroscopy during 
surgical hallux valgus corrections.  
 
Finally, the presented work represents the preliminary step towards the safe, efficient, and effective use of 
perioperative fluoroscopy during surgical hallux valgus corrections. Future research must focus on the effect of 
the developed protocol on the correlation between peri- and postoperative images and the further evaluation 
of the safety, efficiency, and effectiveness of the developed protocol. Considering these findings, further protocol 
modifications might be required. 
 

2.6 Conclusion 
This study conducted an observational study, where the results suggested that the current perioperative image 
during surgical hallux valgus corrections does not correlate with the postoperative image. Based on the 
information collected from this observational study, a questionnaire, focus group, and interviews, specific 
requirements were formulated for the development of a protocol for the use of perioperative fluoroscopy during 
surgical hallux valgus corrections. A small pilot study was conducted to make an inventory of how the developed 
protocol functions in terms of safety, efficiency, and effectiveness. The implementation of the protocol suggest 
that the use of perioperative fluoroscopy becomes more efficient and effective. This may improve the 
performances of the orthopedic foot and ankle surgeon, which could improve the outcomes of the surgical 
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correction of hallux valgus. Future research must focus on the effect of the developed protocol on the correlation 
between peri- and postoperative images and the further of the safety, efficiency, and effectiveness of the 
developed protocol. Considering these findings, further protocol modifications might be required. 
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3.1 Abstract 
Purpose 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. 
 
Methods Two strategies (CS1 and CS2) were developed for defining a global coordinate system, that meets the 
criteria of being well defined, robust, highly repeatable, clinical relevant, compatible for foot CT scans, 
independent of the ankle joint angle, and do 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. 
 
Results 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. 
 
Conclusion This study presents an automated method for defining a global coordinate system in the foot 
according to pre-defined requirements for the planning of forefoot corrections. 
 
Keywords coordinate system – foot – forefoot deformities – hallux valgus – preoperative planning  
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3.2 Introduction 
Surgical reconstruction of forefoot deformities is the most common and a 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 (e.g., recurrence of the deformity, 
and nonunion).2-4  Preoperative planning in three-dimensions (3D) might assist in successfully managing forefoot 
deformities. As the primary objective of 3D preoperative planning is to effectively correct the deformity, reduce 
postoperative morbidity and maintain normal foot biomechanics.4,5 This study focuses specifically on hallux 
valgus because it is a multiplanar deformity defined by medial angulation and pronation of the first metatarsal, 
making surgical correction particularly difficult. 
 
Hallux valgus is the most common forefoot deformity, affecting 23% of adults aged 18 to 65 years and more than 
35% in people over 65 years old.6-9 Hallux valgus can typically be diagnosed through physical examination and 
standard radiological two-dimensional (2D) imaging, which involves weight-bearing lateral and anteroposterior 
(AP) images of the foot.10 However, due to the rotational, multiplanar nature of hallux valgus, it is difficult to 
describe and quantify hallux valgus accurately and reliably on standard radiological 2D images.11,12 Standard 2D 
radiological images use a 2D projection of a 3D structure as a simplified representation of anatomical information 
in one plane. As a result, multiplanar deformities cannot be adequately analyzed on each anatomical plane 
independently since the standard 2D radiological images are not exactly orthogonal, leading to unintentional 
corrections in untargeted planes.13 It would be beneficial to switch to the 3D analysis of hallux valgus to address 
the errors induced by 2D analysis. 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, which might assist with the preoperative planning of hallux valgus 
corrections.14,15  
 
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 2002.16 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).4,17-21 These coordinate systems have 
several limitations that cannot be ignored. Firstly, the definitions of the axes are sensitive to operator-dependent 
accuracy and repeatability.14,22 Secondly, they are dependent on the scanned section of the foot or foot posture. 
Thirdly, they lack 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. 
 

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

Study Limitations 

Cappozo et al.17  Operator-dependent accuracy and repeatability 

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

Geng et al.18 Origin not explicitly defined 

Ortolani et al.19 Origin not explicitly defined 

Yoshioka et al.20 The ankle joint angle determines the location of the forefoot in the global coordinate system 

 
3.3 Methods 
3.3.0 Developing the global coordinate system: the process  
To find the global coordinate system in the foot four coordinate system definitions were explored during the 
development process. This process has contributed to identify the best global coordinate system in the foot. The 
two coordinate systems with the most varied strategies were discussed in this article, the definitions of the other 
two coordinate systems are presented in Appendix B.  
 

3.3.1 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),4,17-21 the global coordinate system in the foot should: 
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• be well defined. A well-defined coordinate system include 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 (e.g., 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 clinical 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 radiological images, a coordinate system is clinical relevant and has recognizable 
anatomical planes.  

• be compatible for 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 for 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 bones in the forefoot as they might be deformed. 
 
Using these requirements two strategies were developed for defining a global coordinate system in the foot. The 
first strategy (CS1) was to use as many points as possible on the 3D foot model. 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. 
 

3.3.2 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 was anonymized and used for the present study unless patients had opted-out for 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. 
 

3.3.3 Data acquisition  
CT scans were acquired on a Siemens SOMATOM Definition AS or Siemens SOMATOM Drive (Siemens 
Healthineers AG, Erlangen, Germany) 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. 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. 
 

3.3.4 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 clinical applicable, despite the ISB recommendations for an anteriorly 
pointed x-axis, cranially pointed y-axis, and a z-axis pointed to the right.16  



32 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
 

 

 
 
 

(e) 
 

(f) 
Figure 1. 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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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 
for CT scans of the foot, not sensitive for 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 1a). 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 1b). The Origin (O) was defined as the midpoint of the talar intersections (TI1 and TI2) 
of the axis of the cylinder (Figure 1c). The y-axis was defined as follows. First the longitudinal talus inertia axis 
was generated (Figure 1d) and at the intersection point with the cylinder (IPC), an additional line parallel to the 
x-axis was created (Figure 1e). The y-axis runs from the Origin to the intersection point of the additional line with 
a sagittal plane (IPS) (Figure 1f). The z-axis was orthogonal to the x- and y-axis (Figure 2). 
 

 
Figure 2. The axes of the global coordinate system of CS1 centered at the origin: x-axis (red), y-axis (yellow), z-axis (green).  

 
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 for CT scans of the foot, not sensitive for the ankle joint angle, and do 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 
3a). These three weight-bearing points were used to construct a ground plane (Figure 3b). The normal vector of 
the ground plane defined the direction of the z-axis (Figure 3c). The inertia axes of the talus were generated, 
with their intersection point serving as the Origin (O) (Figure 3d). 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 
3e). The normal vector and the projected longitudinal talus inertia axis were translated towards the Origin to 
form the z- and y-axis (Figure 3f). The x-axis was orthogonal to the z- and y-axis (Figure 4). 
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(a) 

 
 
 

 
 
 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 3. The construction of CS2: (a) Posterior-anterior view of the foot with the three automatic 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 the 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- and y-axis. 
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Figure 4. The axes of the global coordinate system of CS2 centered at the origin: x-axis (red), y-axis (yellow), z-axis (green). 

 
3.3.5 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 for CT scans of the foot, not be sensitive for 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 the 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, 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 5). 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). 
 

 
Figure 5. 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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Evaluation of clinical relevancy was assessed by generation of virtual weight-bearing AP and lateral images for 
the nine 3D foot models (Figure 6). Based on the first coordinate system construction of the technical physician, 
the view straight at the xy- and yz-plane represented the virtual AP and lateral image. These virtual images 
represents the conventional radiological 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 radiological 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. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 6. CS1 and CS2 virtual anteroposterior (AP) and lateral image of Patient 2 compared to the corresponding 
conventional AP and lateral radiological image. 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 radiological image; (d) CS1 virtual lateral 
image; (e) CS2 virtual lateral image; (f) Corresponding conventional lateral radiological image. 

 

3.4 Results 
CS1 intraobserver repeatability ranged from 0.48° to 2.12° (Table 2). 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 3. 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. 
 

Table 2. 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). 

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° 1.39° (0.61°) 
TP1 - OS 2.10° 1.30° 0.92° 1.35° 4.43° 5.86° 2.66° (2.01°) 

CS2        
TP1 – TP2 0° 0° 0° 0° 0° 0° 0° (0°) 
TP1 - OS 0° 0° 0° 0° 0° 0° 0° (0°) 
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Table 3. The axis with angle magnitude 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). 

Axis with angle magnitude Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 

CS1       
 x-axis 0.28° 0.10° 0.40° 1.26° -0.56° -0.12° 

TP1 – TP2 y-axis -0.34° -0.44° -0.42° 0.69° -2.00° -1.59° 
 z-axis 1.60° -0.16° 0.63° -0.36° -0.46° 0.72° 
        
 x-axis 0.50° -1.1° -0.40° 0.82° 0.36° 0.88° 

TP1 - OS y-axis -2.00° -0.08° -0.23° 0.75° -4.03° -5.69° 
 z-axis 0.38° -0.72° -0.79° 0.76° -1.81° 1.12° 

CS2       
 x-axis 0° 0° 0° 0° 0° 0° 

TP1 – TP2 y-axis 0° 0° 0° 0° 0° 0° 
 z-axis 0° 0° 0° 0° 0° 0° 
        
 x-axis 0° 0° 0° 0° 0° 0° 

TP1 - OS y-axis 0° 0° 0° 0° 0° 0° 
 z-axis 0° 0° 0° 0° 0° 0° 

 
The virtual AP and lateral image of CS1 and CS2 compared to the corresponding AP and lateral radiological 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 radiological 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 
correspond to the conventional weight-bearing AP and lateral radiological 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 image of CS1 and 
CS2 compared to the corresponding radiological images of the three 3D foot models without a splint are depicted 
in Appendix C. Both orthopedic surgeons indicated that the virtual images of CS2 were the most recognizable 
and correspond to the conventional weight-bearing radiological images when not using a splint. 
 

3.5 Discussion 
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, 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 in-creased. Additionally, the construction 
of CS2 does not include bones in the forefoot and is not sensitive for 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 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 for 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),4,17-21 their 
definitions did not meet the requirements of being well defined, robust, highly repeatable, clinical relevant, 
compatible for foot CT scans, independent of the ankle joint angle, and excluding bones in the forefoot. 
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Additionally, to the best of our knowledge this is the first study which 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.14 
However, the largest rotational variability reported by them 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- 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, as it comes close to the found axis with angle magnitudes in the 
definition of CS1. In addition, these values does not match with the largest axis with 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).14 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 a high 
repeatability and accuracy for the segmentation process using Mimics software.23-28 Although the exact effect of 
segmentation on the coordinate system is uncertain, it is believed to be negligible. Thirdly, only the weight-
bearing condition is simulated in this study. Weight-bearing CT scanners enables imaging of the foot to be done 
in the natural weight-bearing position. This has the advantage of reduced radiation exposure29,30 and it improves 
the evaluation of forefoot deformities.18,31,32 However, the patients in this study could not stand in the CT scanner 
during image acquisition. The splint provided the greatest possible replication of stance on a flat surface, 
maintaining a constant plantigrade foot and neutral ankle position across patients. The proposed coordinate 
system definition of CS2 has also some limitations. First, talus deformities may result in different orientations of 
its inertia axes, affecting the coordinate system. Since, forefoot deformities were the focus of this study, the 
morphology of the hindfoot was 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 3a). Consequently, plantarflexion of the 
ankle in the CT scanner will result in a more distal automatically selected point on the calcaneus compared to 
Figure 3a. However, a splint 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 a 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 which 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. 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 un-planned surgical interventions. Future research may adopt the proposed coordinate system 
broadly and reach consensus in order to conduct meaningful comparisons be-tween studies. 
 

3.6 Conclusion 
This study presented an automated method for defining a well defined, robust, highly repeatable, clinical 
relevant, compatible for 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 manual selected landmarks or fitting of 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 contributes to advanced knowledge of the foot morphology. 
This could provide more information of the multiplanar nature of hallux valgus, which might assist with the 
preoperative planning of hallux valgus corrections. 
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Chapter 4: Concepts for the 3D quantification of hallux valgus  

4.1 Introduction 
Recent systematic reviews of the literature by Barg et al. and Lalevee et al. showed that 10% of patients who 
underwent surgical hallux valgus corrections were dissatisfied with the results, and that the postoperative 
recurrence rate of hallux valgus is as high as 64% after at least five years of follow-up.1,2 This raises the question 
how well we understand the extremely complex multifactorial, and multiplanar hallux valgus deformity, as well 
as its risk factors, pathophysiology, deformity components, treatment goals, and expected outcomes.3  
 
The classic description of hallux valgus has for a long time been an axial plane deformity.4 However, hallux valgus 
is a multiplanar deformity that involves multiple bones and a multitude of soft tissue imbalances. It is not only 
an axial plane deformity but is also defined by the rotational deformity of the first metatarsal.4-9 Currently, the 
diagnosis, assessment of the severity, and the surgical treatment planning of hallux valgus are performed using 
physical examination and standard radiological two-dimensional (2D) imaging.10 Due to the multiplanar nature 
of hallux valgus, it is difficult to describe and quantify hallux valgus accurately and reliably on standard 
radiological 2D images,11,12 necessitating a reproducible three-dimensional (3D) quantification of hallux valgus. 
This chapter explored potential methods for the 3D quantification of hallux valgus in 3-Matic software 
(Materialise NV, Leuven, Belgium) using the coordinate system and 3D models discussed in “Chapter 3: 
Development of a coordinate system”.  
 

4.2 Axial plane deformity  
The axial plane deformity is defined by medial angulation (varus deviation) of the first metatarsal and lateral 
(valgus) deviation of the proximal phalanx at the first metatarsophalangeal (MTP) joint (Figure 1).4-9,13 
Measurements of the axial plane deformity using standard radiological 2D imaging include the Hallux Valgus 
Angle (HVA) and the Intermetatarsal Angle (IMA).8,14 However, it is believed that the alignment can be evaluated 
with more precision and accuracy using a 3D quantification of the axial plane deformity. 
 

 
Figure 1. The axial plane deformity in hallux valgus with the varus deviation of the metatarsal and valgus deviation of the 
proximal phalanx.   
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For the 3D quantification of the HVA, a first and logic strategy is to copy the 2D strategy into a 3D version. To this 
end, the longitudinal inertia axes of the first metatarsal and proximal phalanx are used and they can be 
automatically generated. The HVA is defined as the angle between the projected longitudinal inertia axes of the 
first metatarsal and proximal phalanx on the ground plane (for the definition see: “Chapter 3: Development of a 
coordinate system”) (Figure 2). For the 3D quantification of the IMA, the longitudinal inertia axes of the first and 
second metatarsal are generated. The IMA is defined as the angle between the projected longitudinal inertia 
axes of the first and second metatarsal on the ground plane (for the definition see: “Chapter 3: Development of 
a coordinate system”) (Figure 3).  
 

 
 

 
 
 

(a) 
 

(b) 
Figure 2. (a) The longitudinal inertia axes of the first metatarsal (blue dashed line) and proximal phalanx (red dashed line) 
projected on the ground plane (blue and red line); (b) The definition of the HVA on the ground plane. 

 

 

 
 

(a) 
 

(b) 
Figure 3. (a) The longitudinal inertia axes of the first metatarsal (blue dashed line) and second metatarsal (yellow dashed 
line) projected on the ground plane (blue and yellow line); (b) The definition of the IMA on the ground plane. 
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On the standard radiographic 2D images of the same foot shown in Figure 2 and 3, the orthopedic surgeon 
measured a HVA of 33.6° and an IMA of 19°. This demonstrates that there is a distinction between the 3D 
measurements of the HVA (31.2°) and IMA (15.8°) and the standard 2D measurements. These differences may 
affect the classification of the severity of the hallux valgus deformity and consequently the treatment plan. In 
this case, a measured IMA of 19° or 15.8° makes the difference between the classification of a severe (IMA > 18°) 
or moderate (IMA 11-18°) deformity. This leads to a different treatment approach. A proximal osteotomy (e.g. 
proximal Chevron and proximal wedge osteotomy) is used for more severe deformities and a midshaft osteotomy 
(e.g. Scarf osteotomy) is indicated for moderate to severe deformities.15-18 As a result, the measured differences 
in 2D and 3D may be clinical relevant as it may affect the choice and level of the osteotomy and consequently 
the outcome of the surgical hallux valgus correction.  
 

4.3 Rotational deformity  
The overall rotational deformity in hallux valgus refers to the rotation of the first metatarsal in the coronal plane 
(i.e., pronation of the first metatarsal).19 Pronation of the metatarsal occurs when the plantar portion of the first 
metatarsal faces the second metatarsal (Figure 4). The exact origin of the overall rotational deformity in hallux 
valgus is not fully understood.19,20 Most studies report a gross rotational deformity without specification of where 
it rotates.21 However, the main contributors to the overall rotational deformity in hallux valgus may be21,22: 

• Internal bone torsion of the first metatarsal (Figure 5a). 

• Rotation at the first tarsometatarsal (TMT 1) joint (Figure 5b). 
 

 
(a) 

 
(b) 

 
(c) 

Figure 4. Illustration showing the pronation of the first metatarsal in the coronal plane. (a) Illustration of hallux valgus in 
the anteroposterior view; (b) Cross-section at the red line in Figure 4a, showing the non-pronated first metatarsal. (c) Cross-
section at the red line in Figure 4a, showing the pronated first metatarsal. MT1: first metatarsal. MT2: second metatarsal. 
MS: medial sesamoid. LS: lateral sesamoid. IML: intermetatarsal ligament. MSL: metatarsosesamoid ligament. EHL: 
extensor hallucis longus tendon. FHL: flexor hallucis longus tendon. ISL: intersesamoid ligament. FHB: flexor hallucis brevis 
medial head.  
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(a) 

 
(b) 

Figure 5. (a) Internal bone torsion of the first metatarsal; (b) Rotation at the first tarsometatarsal (TMT 1) joint.  
 
Several studies have demonstrated that correction of the overall rotational deformity (e.g., by a rotating Lapidus 
procedure23) minimized the risk of the common postoperative complication of recurrent hallux valgus.24-28 
According to the Center Of Rotation of Angulation (CORA) method in deformity corrections,21,29 determining the 
exact deformity site will guide the subsequent surgical procedure. However, the overall rotational deformity is 
difficult to quantify on standard radiographic 2D imaging,24,30 necessitating a reproducible 3D quantification. 
Identifying the rotational component of the deformity might enable the full correction of hallux valgus.31  
 
Not only is it difficult to quantify the overall rotational deformity using standard radiographic 2D imaging, Dutch 
guidelines also do not take this measurement into account.23 However, it is possible to estimate the pronation 
of the first metatarsal in a radiographic weight-bearing anteroposterior (AP) image of the foot. This method uses 
the shape of the lateral contour of the first metatarsal head to divide pronation in three stages: 10° to 20°, 20° 
to 30°, > 30° (Table 1).4,13 The head takes on a progressively more rounded shape as it pronates due to the 
metatarsal condyles that become visible laterally. Stage one (10° to 20°) is classified as mild metatarsal pronation. 
The lateral metatarsal head shape is rounded, but a step from the condyle outline to the joint line can be seen. 
Stage two (20° to 30°) is classified as moderate metatarsal pronation. The metatarsal head is visible with a not 
perfectly rounded lateral border that is continuous laterally with the MTP joint (i.e., without any corners or steps 
in between). Stage three (> 30°) is classified as severe metatarsal pronation. The lateral head contour is 
completely circular, representing the complete profile of the lateral metatarsal condyle. It is not a logic strategy 
to copy this 2D method into a 3D version by projecting the contour of the first metatarsal head on the axial plane 
because it remains difficult to determine the exact degree of pronation.  
 

Table 1. Estimation of the first metatarsal pronation in radiographic weight-bearing anteroposterior images of the foot. 
Stage 0 1 2 3 

Classification - Mild Moderate Severe 

Rotation Range 0° 10° - 20° 20° - 30° >30° 

Lateral Head Shape Sharp Irregular Rounded Circular 

Lateral Condyle 
Visibility 

Not Visible Notable Observable Apparent 

Lateral Articular 
Surface Continuity 

Non Step-Off Notched Smooth 

Image Examples 
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4.3.1 Internal bone torsion of the first metatarsal  
The internal bone torsion of the first metatarsal, the twisting of the first metatarsal about its longitudinal inertia 
axis, may be the main contributor to the overall rotational deformity in hallux valgus (Figure 5a).21,22 Wei et al. 
and Ota et al. introduced two 3D measurement methods to quantify the torsion of the first metatarsal head with 
respect to the proximal articular surface.21,32 By combining and altering these two methods, a new 3D 
measurement method is introduced using two vectors (Vector A and Vector B) to assess the internal bone torsion 
of the first metatarsal.  
 
Vector A is created at the first metatarsal head. To start the construction of Vector A, the first metatarsal is 
viewed in the sagittal (yz-) plane of the coordinate system (Figure 6a). A plane is created perpendicular to this 
view by manually selecting two points proximal to the metatarsal head (Figure 6b), to separate the metatarsal 
head from the rest of the metatarsal at the position of the plane (Figure 6c). A cylinder is fitted through the first 
metatarsal head with its longitudinal axis defining Vector A (Figure 6d). To create a cylinder that fits through the 
first metatarsal head alone, the metatarsal head must be separated using the plane. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. The construction of Vector A: (a) The first metatarsal in the sagittal view; (b) The plane constructed proximal to 
the first metatarsal head perpendicular to the sagittal view; (c) The separated metatarsal head; (d) The cylinder fitted 
through the first metatarsal head with its longitudinal axis defining Vector A.  
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Vector B is created at the proximal articular surface of the first metatarsal. To start the construction of Vector B, 
the longitudinal first metatarsal inertia axis is generated as the normal vector to a plane (Figure 7a). This plane 
is moved manually along the longitudinal axis to the location just beneath the proximal articular surface (Figure 
7b). The proximal articular surface is then separated from the rest of the metatarsal at the position of the plane 
(Figure 7c). The most superior and inferior point of the proximal articular surface were automatically selected in 
the coordinate system orientation. Vector B is created connecting the most superior and inferior point on the 
proximal articular surface (Figure 7d).  
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7. The construction of Vector B: (a) The longitudinal first metatarsal inertia axis as the normal vector to a plane; (b) 
The plane moved along the longitudinal axis towards the proximal articular surface; (c) The separated proximal articular 
surface of the first metatarsal; (d) The line connecting the automatically selected most superior and inferior point on the 
proximal articular surface defining Vector B.  
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The internal bone torsion angle of the first metatarsal is defined as the angle in the coronal plane between Vector 
A and Vector B minus 90° (Figure 8). In this case, the internal bone torsion angle of the first metatarsal is 101.8° 
- 90° = 11.8°. The three stages of pronation described by the 2D method to estimate the pronation of the first 
metatarsal may be used to quantify this angle. Based on these stages, this case will be quantified as mild 
metatarsal pronation (Table 1). It is advised that the internal bone torsion angle of the first metatarsal be reduced 
to less than 10° during preoperative planning of the hallux valgus correction. However, this needs further 
research.  
 

 
Figure 8. The definition of the angle between Vector A and Vector B in the coronal plane. The internal bone torsion angle 
of the first metatarsal: 101.8° - 90° = 11.8°. 

 
4.3.2 Rotation at the TMT 1 joint  
The rotation at the TMT 1 joint may also be the main contributor to the overall rotational deformity in hallux 
valgus (Figure 5b).21,22 Wei et al. introduced a 3D measurement method to quantify the rotation at the TMT 1 
joint.21 By altering this method, a new 3D measurement method is introduced using two vectors (Vector B and 
Vector C) to assess the rotation at the TMT 1 joint.  
 
Vector B is created at the proximal articular surface of the first metatarsal and its construction is described in 
“Chapter 4.3.1: Internal bone torsion”. Vector C is created at the distal end of the medial cuneiform. To start the 
construction of Vector C, the distal articular surface of the medial cuneiform is manually drawn (Figure 9a). 
Through this surface a plane is fitted (Figure 9b). This plane is moved manually along its normal vector to the 
location just beneath the distal articular surface (Figure 9c). The distal articular surface is then separated from 
the rest of the medial cuneiform at the position of the plane (Figure 9d). A plane is constructed in the middle of 
the distal articular surface, perpendicular to the coronal view by manually selecting two points (Figure 9e). Vector 
C is created connecting the automatically selected most lateral points on the superior and inferior distal articular 
surface of the medial cuneiform (Figure 9f).  
 
The TMT 1 joint rotation angle was defined as the angle in the coronal plane between Vector B and Vector C 
(Figure 10). In this case, the TMT 1 joint rotation angle is 10.4°.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 9. The construction of Vector C: (a) The drawing of the distal articular surface of the medial cuneiform; (b) The plane 
fitted on the drawing of the articular surface; (c) The plane moving along it normal vector towards the distal articular 
surface; (d) The separated distal articular surface of the medial cuneiform; (e) The plane constructed in the middle of the 
distal articular surface perpendicular to the coronal view; (f) The line connecting the automatically selected most lateral 
points on the superior and inferior distal articular surface defining Vector C. 
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Figure 10. The definition of the TMT joint rotation angle between Vector B and Vector C in the coronal plane.  

 

4.4 Future directions   
This chapter explored potential methods for the 3D quantification of hallux valgus. Nevertheless, the 3D 
quantification need further development and finetuning to take one step further in the pathway to 
understanding hallux valgus in a 3D environment. Additional work is needed in several aspects of the deformity, 
such as quantification of possible sagittal plane deformities, the quantification of the sesamoid position, and 
maybe in the quantification of additional axial plane and rotational deformities. 
 
A 3D quantification method can help in a better understanding of the effects of different surgical procedures in 
hallux valgus corrections. As a result, future research should investigate the effects of different procedures on 
the alignment. By simulating different procedures in 3-Matic, the effects can be quantified in a 3D environment. 
This may lead to a better understanding of the effects of each surgical hallux valgus procedure. By simulating 
every surgical hallux valgus procedure, an overview of the specific effects of each procedure can be created. This 
overview can be used by the orthopedic surgeon in clinical practice to make a more deliberate decision about 
the procedure selection. For instance, if two procedures are possible based on the severity of the hallux valgus 
deformity, the overview may show the desired alignment effect in only one procedure. This may lead to better 
procedure selection and consequently better surgical outcomes.  
 
Furthermore, an adequate 3D quantification method for hallux valgus may enable the quantification of the 
deformity with more precision, accuracy and reproducibility compared to measurements on standard 
radiographic 2D imaging. The extremely complex multifactorial, and multiplanar hallux valgus deformity will be 
better understood by assessing hallux valgus deformities in clinical practice using a 3D quantification method. 
With a better understanding of the hallux valgus deformity, the orthopedic surgeon can make a more informed 
decision on the optimal surgical procedure. This may lead to better surgical outcomes.  
Hallux valgus frequently affects the contralateral side; hence it cannot be used as a template during preoperative 
planning. Due to the possibility to quantify the desired position of the first metatarsal head in 3D, it may result 
in accurately preoperatively planned corrections in one or multiple planes. How the preoperative planning can 
be applied in hallux valgus corrections needs to be investigated in future studies.  
For example, the IMA may be used as reference in the preoperative planning of hallux valgus corrections. The 
first metatarsal can be picked up and moved in space (rotated in the axial plane) until the IMA reaches the normal 
value of < 9° to correct the axial plane deformity (Figure 11). However, the use of the IMA in the preoperative 
planning of hallux valgus corrections will be complex for patients with metatarsus adductus. Metatarsus 
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adductus is an axial plane deformity characterized by adduction of all of the metatarsals (Figure 12).33-35 The 
prevalence of metatarsus adductus has been reported to be between 29% and 35% in patients with hallux 
valgus.34 The IMA will not provide an accurate representation of the severity of the hallux valgus deformity 
because all of the metatarsals are adducted. This will narrow the gap between the first and second metatarsal. 
Future research should look into the effects of metatarsus adductus for the preoperative planning of hallux 
valgus corrections. 
 

   
Figure 11. The use of the IMA in the surgical planning of hallux valgus corrections.   

 

 
Figure 12. Illustration of hallux valgus with metatarsus adductus.    
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Chapter 5: General discussion  

5.1 General discussion 
This thesis focused on the optimization of surgical hallux valgus corrections by 1) obtaining repeatable and 
consistent perioperative images, and 2) transition the surgical procedure selection based upon a three-
dimensional (3D) analysis and planning approach. In Chapter 2, a protocol for the use of perioperative 
fluoroscopy was developed and evaluated in a pilot study. In Chapter 3, a relevant global coordinate system in 
the foot was developed, to enable the transition towards a 3D hallux valgus planning approach. In Chapter 4, 
concepts of the 3D quantification of hallux valgus for future 3D planning were elaborated.  
 
The clinical relevancy of Chapter 2 in this thesis is that the presented protocol enables the efficient and effective 
use of perioperative fluoroscopy during surgical hallux valgus corrections. Fluoroscopy is frequently used 
perioperatively to assist the orthopedic surgeon in hardware placement and the assessment of the deformity 
correction to prevent technical issues and provide good performances of the orthopedic surgeon.1-5 This process 
requires repeatable and consistent perioperative images that correlate with the postoperative fluoroscopic 
images to visualize the achieved correction accurately. However, obtaining certain fluoroscopic images in a 
standardized fashion is difficult to achieve in foot and ankle surgery.3 The presented protocol fits into the 
workflow of the procedure and may obtain perioperative images that correlate with the postoperative images. 
The implementation of the protocol may improve the performances of the orthopedic surgeon, which could 
improve the outcomes of the surgical correction of hallux valgus. 
Secondly, the clinical relevancy of Chapter 3 in this thesis is that the development of a global coordinate system 
in the foot enables the transition towards the 3D surgical planning of forefoot corrections. For the quantification 
of the absolute and relative position and orientation of the bones in the foot, a relevant and robust global 
coordinate system must be defined. However, due to the continuing absence of a standardized method, there 
have been a number of studies that defined their own global coordinate system with limitations that cannot be 
ignored.6-11 The global coordinate system presented in Chapter 3 represents the preliminary step towards 3D 
preoperative planning of forefoot corrections. Future studies can be compared in a meaningful way if the 
proposed coordinate system is widely used. This may increase knowledge of forefoot deformities and 
revolutionize the treatment of complex multiplanar forefoot deformities, such as hallux valgus. Eventually, this 
may result in a better surgical procedure selection for hallux valgus corrections, and consequently in more 
consistently satisfactory, long-term outcomes. 
 
The processes described in this thesis are not only clinically relevant, but also crucial for the optimization of 
surgical hallux valgus corrections. The developed global coordinate system enables the transition towards the 
3D planning of surgical hallux valgus corrections. The implementation of the protocol together with future 3D 
preoperative planning may eventually lead to improved outcomes of surgical hallux valgus corrections. However, 
if only 3D preoperative planning of surgical hallux valgus is used in the future, surgical outcomes may still be 
suboptimal if the perioperative images does not correspond with the postoperative images. So, all the processes 
described in this thesis were important for the optimization of surgical hallux valgus corrections.  
The technical physician is expected to play an important role in the optimization of surgical hallux valgus 
corrections since it strives to improve diagnostics and therapy through innovative use of technology in 
healthcare. Additional research for the optimization of surgical hallux valgus corrections, recommended later in 
the discussion, is expected to be done by a technical physician. The potential research result may contribute to 
the optimization of surgical hallux valgus corrections.    
 
Besides those presented in Chapter 2, 3, and 4, this thesis has some general limitations that need to be discussed.  
First, one major factor that the 3D models in this thesis do not include, is the effect of weight-bearing. The used 
3D models were acquired using CT scans with the patients in a splint and in supine position to provide the 
greatest possible replication of stance on a flat surface. However, weight-bearing CT scans (WBCT) have 
demonstrated significant advances including lower radiation exposure than with conventional CT, the ability to 
reliably perform standard measurements in a 3D environment, and a more complete and accurate evaluation of 
the hallux valgus deformity.12-19 This enables a better understanding of the positioning of the bones in the foot. 
Weight-bearing also widens the forefoot as the medial ray moves through the tarsometatarsal joint, increasing 
the IMA by 1.5° to 2.6°.20-23 However, it is believed that this increase will be negligible if a sufficient replication 
of stance on a flat surface can be achieved during the CT scan of the foot. This indicates that when there is a 
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sufficient replication of stance on a flat surface, the measured Hallux Valgus Angle (HVA) and Intermetatarsal 
Angle (IMA) values in two-dimensional (2D) are comparable to the measurements in 3D. As a result, even if WBCT 
had been utilized, the outcomes of Chapters 2,3, and 4 would have been unaffected. In addition, there is a limited 
availability of WBCT. Further research may be able to use WBCT, however for the time being, conventional CT 
with sufficient replication of stance on a flat surface is expected to be adequate. 
Secondly, despite the combined bony and soft tissue pathology of hallux valgus, the 3D models in this thesis do 
not incorporate soft tissues. The simulation of soft tissue interactions may be useful in preoperative planned 
hallux valgus corrections. This is because soft tissue procedures has been advocated as essential by certain 
authors to achieve satisfactory alignment and reduce the risk of recurrent hallux valgus.24-27 It may be possible 
to gain insights into how to restore the physiological balance of the soft tissues around the first 
metatarsophalangeal joint by simulating the effect of various osteotomies on soft tissue interactions. However, 
it believed that this has no effect on surgical procedure selection. Since the current 3D models do not incorporate 
soft tissues, the concepts of the 3D quantification of hallux valgus are limited to the rigid deformity. This indicates 
that while the impact of soft tissue interactions cannot be simulated, osseous interventions can be planned. Even 
if the 3D models included soft tissues, the outcomes of Chapters 2,3, and 4 would have been unaffected. 
 
While a protocol was developed to obtain repeatable and consistent perioperative images and the coordinate 
system enabled transition towards a 3D planning approach, more work should be done in the optimization of 
surgical hallux valgus corrections. Therefore, the following future directions are advised for the optimization of 
surgical hallux valgus corrections.  
First, the concepts of the 3D quantifications of hallux valgus need further development and finetuning. Additional 
work is needed in several aspects of the deformity, such as quantification of possible sagittal plane deformities, 
the quantification of the sesamoid position and maybe in the quantification of additional axial plane and 
rotational deformities. This may enable further understanding of the hallux valgus deformity in a 3D 
environment, potential resulting in a better procedure selection.  
Secondly, the effects of different surgical procedures in hallux valgus corrections needs to be investigated. With 
better understanding of the effects of different surgical procedure in hallux valgus corrections, future discissions 
on the choice and level of the osteotomy may be improved. By simulating different procedures in 3-Matic 
software (Materialise NV, Leuven, Belgium), the effects on the alignment can be quantified in a 3D environment. 
For example, a Chevron osteotomy can be mimicked by creating cutting planes. These cutting planes can be 
simulated with the cutting button in 3-Matic, separating the distal and proximal fractures and enabling the distal 
fragment to be placed laterally. The cutting planes will be altered in the coronal and/or axial plane for each 
simulation, to simulate multiplanar Chevron osteotomies. The potential methods for the 3D quantification of 
hallux valgus described in Chapter 4 will be used to quantify the effects on the alignment of each simulated 
osteotomy. This will potential result in a better understanding of the effects of each surgical hallux valgus 
procedure and better procedure selection.  
Thirdly, future research needs to investigate methods to plan hallux valgus corrections in 3D and how it can be 
translated to the operating table. It is thought that the possibility to quantify the desired position of the first 
metatarsal head in 3-Matic software may result in accurately preoperatively planned corrections in one or 
multiple planes. However, a 3D planning process to achieve accurately planned corrections needs to be 
developed. When a specific hallux valgus correction is virtually planned, patient specific guides (PSGs) can make 
it possible to perform the planned correction efficient and accurate (Figure 1).28 PSGs are surgical  instruments 
custom made to perfectly fit onto the bone cortex. Common PSG functions include saw guidance, screw 
placement, and bone reposition guidance.29,30 A PSG can be designed in 3-Matic based on the preoperative 
planed correction containing a 3D model of the anatomy with indicated osteotomy planes, drilling trajectories, 
screw placements and/or bone reposition. However, the limited space and smaller incision required for surgical 
hallux valgus corrections make PSGs difficult to use. Surgical navigation (using augmented reality) can also 
replicate the planned correction, in contrast to the use of PSGs (Figure 2). Augmented reality makes the 
superimposition of a hologram to reality possible. It enables visual feedback of the surgical instrument (e.g., saw 
or K-wires) relative to the planned position, in order to achieve the planned correction. The limited space and 
smaller incision required for surgical hallux valgus corrections make augmented reality particularly beneficial. 
However, the technique is expensive and has a learning curve.31 Other alternatives may be robotic guided 
surgery. Robotic techniques have promising applications in orthopedic surgery. However, orthopedic robotic 
products are currently not focused on the foot.32 Therefore, it is necessary to investigate the best method if 
future planned hallux valgus corrections need to be translated precisely to the operating table.  
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Figure 1. Example of a patient specific guide (PSG) designed by Dagneaux et al. for anterior midfoot tarsectomy.33 

 

 
Figure 2. Setup of experiments with augmented reality guided osteotomies in hallux valgus corrections adapted from 
Viehöfer et al..31 Left: Surgeon performing the osteotomy wearing augmented reality glasses. Right: Foot model with 
overlaying hologram.  

 
Lastly, the ultimate goal of surgical hallux valgus correction optimization should be to identify the personalized 
correction that would be most effective for each patient. This might be accomplished by creating a digital 
dynamic twin model for each patient that includes both bones and soft tissues. If this existed, it would be possible 
to simulate how a surgical procedure would affect not only alignment of the bones, but also the distribution of 
forces among all relevant anatomical structures. This potential results in an optimized correction to reduce the 
common postoperative complication of recurrent hallux valgus.  
 
In conclusion, this thesis presented a protocol for the efficient and effective use of perioperative fluoroscopy 
during surgical hallux valgus corrections that fits into the workflow of the procedure and may obtain 
perioperative images that correlate with the postoperative images. This may help to prevent technical issues 
during the procedure and improve the performances of the orthopedic surgeon. The developed global 
coordinate system in Chapter 3 enables the transition towards the 3D planning of surgical hallux valgus 
corrections. Although the concepts of the 3D quantifications of hallux valgus need further development and 
finetuning, a variety of future studies can be started to further optimize surgical hallux valgus corrections. This 
offers perspective to achieve consistent satisfactory, long-term outcomes.  
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Appendix A: Protocol for the use of perioperative fluoroscopy 
during surgical hallux valgus corrections 

Stappen  

 

Afbeeldingen Verantwoordelijkheden 
B= beslissen, U= uitvoeren Rechtervoet Linkervoet 

1. Plaatsen C-boog  
Plaats de C-boog aan de linkerzijde van de 

operatiekamer. 

 

U: operatieassistenten 

2. Opstarten C-boog 
Stop de stekker van de C-boog in het 
dichtstbijzijnde stopcontact en start C-boog 
verder op.   

 

U: omloop 

3. Zet C-boog in startvorm 
Zorg dat de detector en röntgenbuis in een 
flauwe C bocht is verbonden met de kar.  
Op de afbeeldingen zijn de bovenaanzichten 
van de C-boog te zien. 

 

U: omloop 

4. Plaats C-boog in startpositie 
Nadat de opdektafel de operatiekamer is 
binnengereden, plaats de C-boog op de juiste 
startpositie. Zorg dat de detector en 
röntgenbuis van de C-boog in het plenum 
staat.  
 
Op de afbeeldingen zijn per voet de twee 
situaties weergegeven die passen bij de 
operatie aanpak van de twee orthopeden.   

U: omloop 

  
5. Steriel afdekken C-boog 
Dek de C-boog steriel af met de daar 
bijbehorende hoes. 

   U: omloop en 
instrumenterende  
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6. Indraaien C-boog 
Wanneer een röntgenopname moet worden 
gemaakt, draait de omloop de C-boog in.  
 
De omloop duwt de C-boog vanuit de kar in 
een flauwe c-bocht richting de operatietafel 
met de detector op de hoogte van de 
operatietafel. De assistent kan hierin helpen 
door de C-boog bij de steriele hoes aan te 
pakken.  
 
Zorg hierbij dat orthopeed het scherm goed 
kan zien en houd de steriliteit in acht.  

  

B: orthopeed 
U: omloop, assistent 

  
7. Draai detector en röntgenbuis 
Draai de detector en röntgenbuis met 
ongeveer 20 tot 30 graden. 
 
 

 

 

 

U: instrumenterende 

8. Maken AP opname 
De assistent of orthopeed laat de voet aan 
de zijkant van de tafel afhangen en plaatst de 
voorvoet in het midden van de detector.  
 
De omloop drukt op het voetpedaal om de 
röntgenopname te maken.  
 
Als de gewenste röntgenopname is gemaakt 
plaatst de assistent of orthopeed de voet 
terug op de operatietafel.  
 
Als het maken van een goede 
röntgenopname niet gaat, wordt aangeraden 
om gebruik te maken van de laser op de C-
boog.  
 
Probeer bij het maken van de AP opnames 
om zo min mogelijk van positie te ruilen en 
houd de steriliteit in acht.  

  

B: orthopeed 
U: assistent, omloop, 
orthopeed  

  

9. C-boog in laterale opname positie 
De omloop trekt de C-boog bij de kar iets van 
de operatietafel vandaan. De assistent zet de 
detector en röntgenbuis weer in de neutrale 
positie en draai hierna de C-arm om een 
laterale opname te kunnen maken.  
 
De omloop duwt vanuit de kar de detector 
en röntgenbuis boven de operatietafel. De 
assistent kan hierin helpen door de C-boog 
bij de steriele hoes aan te pakken. 

 

 

 

U: omloop, assistent  
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10. Maken laterale opname 
De assistent of orthopeed plaatst de voet 
tegen het midden van de detector aan.  
 
De omloop drukt op het voetpedaal om de 
röntgenopname te maken.  
 
Als het maken van een goede 
röntgenopname niet gaat, wordt aangeraden 
om gebruik te maken van de laser op de C-
boog.  
 
Probeer bij het maken van de laterale 
opnames om zo min mogelijk van positie te 
ruilen en houd de steriliteit in acht. 

  

B: orthopeed 
U: assistent, omloop, 
orthopeed 

  

11. Zet C-boog terug in startvorm en 
uitdraaien  

De omloop trekt de C-boog bij de kar iets van 
de operatietafel vandaan. De assistent zet de 
detector en röntgenbuis weer in de neutrale 
positie. Draai de detector en röntgenbuis 
met ongeveer 20 tot 30 graden. 
 
De omloop plaatst de C-boog weer op de 
juiste startpositie. Zorg dat de detector en 
röntgenbuis van de C-boog in het plenum 
blijft staan.  

 

U: omloop, assistent 

 

 

 

  

  
12. Herhaal stap 6 t/m 10 bij nieuwe 

röntgenopnames  
 B: orthopeed 

U: assistent, omloop, 
orthopeed 
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Appendix B: Definitions of two different coordinate systems 

The two coordinate systems with the most varied strategies were discussed in “Chapter 3: Development of a 
coordinate system”, the definitions of the other two coordinate systems (CS3 and CS4) are presented in this 
section. 
 
To start the construction of CS3, the facies superior of the trochlea tali was manually drawn (Figure 1a). Through 
this surface a cylinder was fitted with its longitudinal axis intersecting a point on the medial talus (MT). The 
cylinder was translated along its longitudinal axis towards the most prominent point on the lateral talus (MLT).  
The line connecting MT and MLT defines the direction of the x-axis, as the normal vector to a sagittal plane 
(Figure 1b). The Origin (O) was defined as the midpoint between MT and MLT (Figure 1c). The y-axis was defined 
as follows. First the longitudinal talus inertia axis was generated (Figure 1d) and at the intersection point with 
the cylinder (IPC), an additional line parallel to the x-axis was created (Figure 1e). The y-axis runs from the Origin 
to the intersection point of the additional line with a sagittal plane (IPS) (Figure 1f). The z-axis was orthogonal to 
the x- and y-axis (Figure 2). 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 1. The construction of CS3: (a) Axial view of the talus with the drawing of the facies superior of the trochlea tali; (b) 
Illustration of the talus with the line connecting the point on the medial talus (MT) and most lateral point on the talus 
(MLT) 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 MT and MLT, 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 2. The axes of the global coordinate system of CS3 centered at the origin: x-axis (red), y-axis (yellow), z-axis (green).  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 3. The construction of CS3: (a) Illustration of the foot with the ground plane based on 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 normal vector of the ground plane defining the direction of the z-axis; (c) Axial view of the 
talus with the drawing of the facies superior of the trochlea tali; (d) Illustration of the talus and the Origin, as the midpoint 
of the point on the medial talus (MT) and the most prominent point on the lateral talus (MLT); (e) Illustration of the foot 
with the projection of the line connecting MT and MLT on the ground plane, defining the direction of the x-axis; (f) 
Illustration of the foot with the normal vector and projected line connecting MT and MLT translated towards the Origin to 
form the z- and x-axis. 
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To start the construction of CS4, 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. These three 
weight-bearing points were used to construct a ground plane (Figure 3a). The normal vector of the ground plane 
defined the direction of the z-axis (Figure 3b). The x-axis was defined as follows. First the facies superior of the 
trochlea tali was manually drawn (Figure 3c). Through this surface a cylinder was fitted with its longitudinal axis 
intersecting a point on the medial talus (MT). The cylinder was translated along its longitudinal axis towards the 
most prominent point on the lateral talus (MLT). The Origin (O) was defined as the midpoint between MT and 
MLT (Figure 3d). To ensure an orthogonal coordinate system, the line connecting MT and MLT was projected on 
the ground plane defining the direction of the x-axis (Figure 3e). The normal vector and the projected line 
connecting MT and MLT were translated towards the Origin to form the z- and x-axis (Figure 3f). The y-axis was 
orthogonal to the z- and x-axis (Figure 4). 
 

 
Figure 4. The axes of the global coordinate system of CS4 centered at the origin: x-axis (red), y-axis (yellow), z-axis (green).  
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Appendix C: CS1 and CS2 of the three 3D foot models without a 
splint 

Figure 1 and 2 depicts 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. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

Figure 1. 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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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

Figure 2. 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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