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Preface

My academic experience started in 2015 with the bachelor Biomedical Engineering. Throughout this study
I enjoyed the medical subjects and learning about the healthcare system. However, I found myself yearning
for a more direct connection to clinical practice and helping patients. Therefore, I made a deliberate choice
to change to Technical Medicine. Before embarking on this master’s program, I had to complete 1.5 years
of pre-master. Not knowing many other students, I navigated the challenges on my own. I enjoyed the
technical emersion and the programming skills that were needed. I was especially intrigued by the courses
on deep learning. However, when the time came for my first M2 internship, I chose a project focused on 3D
printing due to my existing interest and some experience in 3D design. Fortunately, a few weeks later, I was
granted my preferred choice - an internship centred around 3D printing a guide for Sacroiliac dysfunction. I
didn’t know what Sacroiliac dysfunction was but I liked 3D printing. However, in the first week it became
apparent that the assignment did not involve 3D printing but something way more interesting: software
development.

Before I dive into the story of the first internship, and also this master thesis, there were three more
internships that year. Two at different cardiology departments and one at the ENT department. While
these internships had either a verry interesting technical question or a direct link to the clinic there was no
internship that had a combination of these two just like my first internship. Here there was a clear question
from the clinic that could possibly solved with software.

In 2021 I started with this internship. Dr. Jorm Nellensteijn, my medical supervisor, was driven by a research
mindset to improve the surgery he had specialised in over the last couple of years. Assisting Dr. Nellensteijn
was Nick Kampkuiper, a fellow Technical Medicine student, who served as my daily supervisor. Their shared
enthusiasm for Sacroiliac dysfunction got me as motivated. As revealed before, due to the motivation and
the combination of technical & clinical aspects, I was verry excided that I could also do my master thesis
on this subject. I want to thank Dr. Jorm Nellensteijn and Nick kampkuiper for their supervision and
enthusiasm during these assignments. I want to thank Edsko Hekman en Prof. Ioannis Sechopoulos who
helped to keep my work on track and I want to thank everybody at the 3D medical lab that has helped
me over the last year especially Maaike Koenrades en Femke Schröder. My personal and professional de-
velopment has been an important part of the internships and my thanks go’s to Elyse Walter for her guidance.

I enjoyed my year at MST and learned to work hard to achieve a goal and how to integrate the clinic and
technical part of the Technical Medicine master. I eagerly anticipate what the future holds.
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0
General Introduction

The sacroiliac (SI) joint is the largest axial joint and connects the lumbar spine with the pelvis [1]. SI
dysfunction may cause low back pain and debilitation, yet dysfunction of the SI joint is often missed as
a cause for low back pain [2]. The underdiagnosis of SI dysfunction is sustained by the complexity of
diagnosis [3]. The diagnosis relies on a combination of patient history, clinical examination, and diagnostic
injections [2, 4]. The most described physical examinations are "distraction", "thigh thrust", "compression",
"FABER", and "Gaenslen" [2, 3, 5]. While these tests individually have limited reliability, a positive
result in at least three tests is a reliable indication for SI dysfunction [3]. In addition, a diagnostic SI
joint injection with a local anaesthetic is performed to confirm the diagnosis further. Physical therapy
and therapeutic SI joint injections can improve patient outcomes [6]. If these therapies no longer suffice,
surgical fusing of the affected SI joint can be an option. This can be achieved through a posterior or lateral
approach to insert implants or a graft [7]. Minimally invasive SI joint fusion (SIJF) using three triangular
implants placed using the lateral approach, see fig. 1, has proven to be safe and to have good outcomes [2, 8, 9].

Figure 1: Anterior posterior view of the pelvis with three iFuse implants through the left SI joint.
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CHAPTER 0. GENERAL INTRODUCTION

Figure 2: The fluoroscopic views used during sacroiliac fusion surgery.

During SI joint fusion surgery, conventional fluoroscopic (CF) guidance is used when placing the implants.
A guide wire is used to position the implants. CF guidance allows lateral, inlet, and outlet views (see fig. 2)
to monitor the guide wire placement. During insertion, important structures like the L5 nerve and the S1
and S2 foramen must be avoided. Incorrect placement can lead to severe complications such as neurovascular
damage. Within the sacrum, there is some flexibility in safe placement of the implants [10]. Some studies
have described possible optimal configurations that result in better stability, such as placing the implants in
a triangular configuration [10–12]. Better stability could result in less implant loosening and better patient
outcome. To reduce the complication rate, and to place the implants in an optimal configuration, a virtual
surgical planning (VSP)(see fig. 3) can be constructed.

(a) Lateral view (b) Anterior-Posterior view

Figure 3: Virtual surgical planning (VSP), the CT-based VSP of the three triangular planned implants (red,
green, and blue) is depicted with bone displayed slightly transparent. In the lateral image (a), the guide pins
are shown.

This preoperative planning consists of the optimal patient-specific implant configuration, based on a
computed tomography (CT) scan, while including a safety margin. It can be challenging to recreate the
VSP accurately during surgery. Additional techniques can aid in guiding the recreation of the VSP. For
example, computer-assisted tracking of the patients’ pelvis and of surgical instruments could be used
to guide free-handed insertion by providing real time feedback. Secondly, the use of robotic arms that
determine the drill position and guide wire placement. The use of tracking devices and robotic arms can
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CHAPTER 0. GENERAL INTRODUCTION

increase placement accuracy and decrease surgical time. However, they are far more expensive than CF
guidance and not available in most hospitals. Therefore, SI implant placement is performed free-handed
using CF guidance in the Netherlands. With the use of CF, the process of percutaneous guide wire
placement has been described as “trial and error” [13]. This is due to the limitation of visualising one
view at a time. In addition, the divergence of the radiation beam results in fluoroscopic parallax, making
it difficult to compare the VSP with the fluoroscopic image. Most importantly, using a suboptimal
lateral view, in which the patient is not orientated properly, could result in incorrect placement. In such
cases, the location of the implants can deviate from the planned position and could surpass the safety margins.

One method of improving the useability of CF is to use Digitally Reconstructed Radiographs (DRRs).
These virtual fluoroscopic images can be created from CT data including anatomical structures. Superim-
posing DRRs onto the CF images during surgery, creates additional guidance by highlighting anatomical
structures of interest. Previous research has shown the implementation of superimposing the foramen during
SIJF [14]. With this method, it is also possible to create DRRs of the guide wires as planned in the VSP
and superimpose the position of the guide wires onto intraoperative CF images. Superimposing involves the
overlay of important elements of an image onto a base image.

To integrate the workflow into routine clinical care, it must be developed in accordance with the Medical
Device Regulation (MDR) guidelines [15]. Clinical implementation is expected to reduce the trial-and-error
process and thereby reducing surgery time and increasing the accuracy which the VSP is reproduced.
Implementing this method requires programming of new features in dedicated medical software, developing
a protocol, doing risk analysis and extensive testing.

The aim of this thesis is, therefore, improve perioperative CF guidance by superimposing DRR onto the CF
images during SIJF for patients with SI dysfunction. This goal is reached by first, determining the effects of
C-arm placement (Chapter 1). Second, developing software to superimpose the VSP onto perioperative CF
images (Chapter 2). Third, developing a workflow within MDR guidelines to clinically implement the software
during SIJF (Chapter 3). Last, clinical testing of the developed software and workflow and comparison to
standard SIJF surgery (Chapter 4).
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1
The Clinical Use and Impact of C-arm
Placement for Obtaining a True Lateral
Pelvic View

Abstract

Introduction - Minimally invasive sacroiliac joint fixation is performed with conventional fluoroscopy to
visualise the anatomy and guide percutaneous insertion of guide-wires. Incorrect use of fluoroscopic guidance
and subsequent incorrect placement of the guide-wires can damage nearby neurovascular structures. This
study aims to assess the knowledge gap among surgeons regarding the appropriate utilization of fluoroscopic
guidance, specifically the C-arm and its correct positioning. Furthermore, the clinical implications of
misalignment in C-arm placement will be explored.

Method - A 11-item questionnaire focusing on the operational principles of a C-arm and on obtaining
lateral views was sent to surgeons from ten orthopaedic and trauma departments. The participating surgeons
were categorised into two groups based on their level of experience. To assess the clinical impact of C-arm
misplacement, phantom experiments were conducted. Five 3D printed pelvises were positioned in a lateral
alignment with the C-arm. Subsequently, the C-arm was translated, mimicking a suboptimal position,
and the pelvis’s were rotated to compensate for the translation. A virtual surgical planning, containing
iFuse implants and SI screws, was created for each pelvis and was adjusted for the determined rotation at
the translated C-arm position. The positioning of the new implant and screw positioning was checked for
instances of breaching.

Results - Eight surgeons responded, half of whom were classified as experienced. There was no significant
difference in the knowledge questions between the two groups. Only 75% of the surgeons noted the
importance of superimposing the iliac cortical densities to obtain a true lateral image. In the phantom
experiments, an average of 4.2 ± 0.95 degrees compensating rotation was needed for a 5 cm translation of
the C-arm. Of the 45 virtually placed iFuse implants at the rotated position 7% showed cortical breach. For
the 30 virtually placed SI screws 63% showed cortical breach.

Conclusion - Surgeons in both the experienced and in experienced group have exhibited a knowledge
gap on the operational principals of the C-arm. In addition, there was no consensus on optimal C-arm
placement among the respondents. The experimental findings clearly demonstrate that misplacing the C-
arm is associated with rotational disparities, which, in clinical practice may result in a suboptimal implant
position with an increased risk for complications.
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CHAPTER 1. THE CLINICAL USE AND IMPACT OF C-ARM PLACEMENT FOR OBTAINING A
TRUE LATERAL PELVIC VIEW

1.1 Introduction

A substantial part of orthopaedic surgery is dedicated to the pelvic area. Pelvic fractures make up around
10% of patients admitted with blunt trauma [16]. Pelvic fractures have been treated with open reduction
and stabilisation ,however, they have a high rate of complications [17]. A shift to minimally invasive surgery
(MIS) has reduced wound complications and infection rates [17]. In addition to pelvic fractures, sacroiliac
(SI) joint dysfunction can cause debilitating pain and can require surgical intervention. Open SI joint fixation
(SIJF) was described first as a treatment for SI joint dysfunction. Recently, MIS techniques have shown
improved patient outcomes [18]. In both surgeries, MIS techniques often consist of a percutaneous screw or
implant placement. During surgery, conventional fluoroscopic (CF) guidance can be used to visualise bony
anatomy and guide the percutaneous insertion of guide-wires. However, with CF guidance safe placement
can be challenging, due to the complex 3D bone morphology of the sacrum and closely located neurovascular
structures [19]. Incorrect placement can lead to perforating the neural foramina and cause irreversible damage.

The use of CF guidance during MIS during pelvic surgery has some disadvantages. First, a major
disadvantage of CF imaging is the limited visibility of the pelvic bone [20]. This is especially the case in
a lateral view, where the increased body thickness results in lower image contrast. Second, obesity and
bowel gas can further reduce the visibility of important anatomical structures such as the neural foramina.
Third, a limitation of CF guidance is the need to verify every motion of the insertion of the guide-wire in
the lateral, inlet, and outlet view [21]. Using standardised angles (e.g., 30°and 45°) for each patient does
not provide optimal visualisation and could result in incorrect views [22]. Using incorrect views increases
the risk of overlooked errors [23]. Therefore, free-handed placement of screws and implants requires a high
degree of fluoroscopic image knowledge and 3D thinking.

Previous research has described the use of CF guidance during percutaneous screw placement as “trial
and error” [13], resulting in challenging implant placement with complications as high as 21% [24]. Several
methods were developed to reduce “trial and error” and the complication rate. Computer-assisted surgery
(CAS) uses tracking of the C-arm, pelvis, and surgical tools to provide additional guidance. Research by
Verbeek et al., found no reduction in complication rate with CAS [20]. They did find that experienced
surgeons had lower complication rates for both the CAS and CF placed screws. Less experienced surgeons
may lack sufficient knowledge of the working principles of CF and the X-ray beam. When using CF, it is
crucial to consider the working principles, such as the divergence of the X-ray beam and parallax distortion.
The divergence of the X-ray beam results in relatively different anatomical magnifications and parallax
distortion. By translating the centre of the C-arm, parallax distortion can dramatically change relative
distances between anatomical structures. Incorrect placement of the C-arm may increase the complication
rate. While literature has discussed obtaining optimal views taking the working principles into account [22],
the clinical relevance of the placement of the centre of the fluoroscopic beam has not been addressed.

We expect that not all surgeons fully know how to use the C-arm optimally. To obtain this insight and
improve potential knowledge gaps, the aim of this study is twofold. First, the potential knowledge gaps
related to C-arm placement during CF-guided pelvic surgery are assessed using a questionnaire. Second, the
theoretical principles of C-arm placement are demonstrated to help surgeons understand the clinical impact
of incorrect use of the C-arm. We expect that understanding of CF guidance will provide a foundation for
obtaining optimal visualisation during pelvic surgery. This may reduce the complications associated with
misplaced SI implants and screws.
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CHAPTER 1. THE CLINICAL USE AND IMPACT OF C-ARM PLACEMENT FOR OBTAINING A
TRUE LATERAL PELVIC VIEW

1.2 Materials and methods

1.2.1 Survey
A 11-item questionnaire was developed in Microsoft Office 365 Forms (Microsoft, Redmond, USA) to assess
surgeons’ experiences at pelvic trauma centres using C-arm fluoroscopy (Appendix A). The questionnaire
contains three parts: (i) determining the experience with surgical treatment of pelvic fractures and assessing
their competence; (ii) testing their knowledge on the magnification principle of a C-arm; and (iii) testing
their knowledge on obtaining lateral views during pelvic surgery.

In May 2021, the web-based questionnaire was distributed to surgeons from ten hospitals using an
invitation e-mail. These are surgeons from orthopaedic and trauma departments specialised in pelvic surgery
located in the Netherlands. A reminder e-mail was sent out to surgeons who had not initially responded,
and the questionnaire was closed in June 2023.

The survey data was analysed using SPSS version 28 (SPSS Inc., Chicago, USA). Questions 3–11 were
stratified by experience of the surgeon. If differences between the two groups was found, statistical analysis
was performed to determine the significance. For the self-scored experience, multiple unaired t tests were
performed. For the categorical answers, a two-sided chi-square test was performed.

1.2.2 C-arm placement experiment
To illustrate the effect of incorrect use of the C-arm and to obtain a true lateral view in clinical practice,
some phantom experiments are performed. Realistic phantoms featuring varied anatomies were created using
pelvic CT scans that were segmented and 3D printed. The experiment consists of obtaining fluoroscopic
C-arm images at different angles and positions.

Retrospectively, a pelvic CT-scan was obtained from five patients who had been surgically treated for SI
dysfunction from 2021 to july 2022 in Medical Spectrum Twente hospital (Enschede, Netherlands). For the
inclusion a minimal resolution of the CT scan was slice thickness, 0.9 mm; pixel spacing, 0.79 by 0.79 mm was
required. No CT-scans were excluded based on anatomy variances. Ethical approval for retrospective and
prospective analysis of VSP was obtained in July 2022 from the Research Ethic Committee of MST (nWMO
study, K22-24). The requirement for written informed consent was hereby waived for this retrospective
analysis.

Using Materialise Mimics 25.0 (Materialise, Leuven, Belgium), a (semi-)automatic segmentation of the
L5, sacrum, ilium, and proximal femurs was created. The segmentations were combined in a single model
with fixture points at the cranial and caudal side. The models were exported to an opensource 3D slicer to
create the G-code files and printed with white polylactic acid on a scale of 1:1 with 3-layer wall thickness
and 15% infill on a Ultimaker 3D printer (Ultimaking Ltd. Geldermalsen, Netherlands).

The 3D printed models were fixed in a rotation device which allows computer-controlled rotation along the
vertical and sagittal axis in steps of 0.5 degrees. Next, the C-arm was positioned to acquire a lateral fluoro-
scopic image of the pelvis using a Ziehm Vision FD C-arm (Ziehm Imaging GmbH, Nuremberg, Germany),
see fig. 1.1. Here the central ray is positioned at the centre of the sacral alae. Next, the pelvis is rotated
along the vertical and sagittal axis to superimpose the iliac cortical densities. Here the distance between the
iliac notches should equal the distance between the pelvic crests. This view is defined as true lateral.

Next the C-arm is translated to (A) 5cm posterior, (B) 5cm posterior and 5cm caudal, and (C) 5cm
caudal, see fig. 1.2. The iliac cortical densities are superimposed at each location using the computer-
controlled rotation device by rotating the pelvis. Here the angle of rotation needed to superimpose the iliac
cortical densities is denoted with the true lateral as a reference.

9



CHAPTER 1. THE CLINICAL USE AND IMPACT OF C-ARM PLACEMENT FOR OBTAINING A
TRUE LATERAL PELVIC VIEW

Figure 1.1: Experimental setup with (A) the C-arm monitor and laptop with rotation control software and
(B) the C-arm with rotation device and 3D printed pelvis.

Figure 1.2: Workflow for obtaining the rotation angle needed to align the ala lines at three positions (A, B
and C) with the true lateral as reference.
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CHAPTER 1. THE CLINICAL USE AND IMPACT OF C-ARM PLACEMENT FOR OBTAINING A
TRUE LATERAL PELVIC VIEW

Figure 1.3: Schematic depiction of a coronal cross-section of the SI joint with a implant in situ. Three
possible outcomes for the placed implants.

Based on each CT scan, two patient-specific virtual surgical plannings (VSP’s) are constructed using
Materialise Mimics 25.0 (Materialise, Leuven, Belgium). The first VSP consists of three triangular
SI implants and the second consist of two SI screws. Next, each VSP is duplicated and rotated for
the angles obtained at position A, B, and C (as described in fig. 1.2). For each position the VSP
is checked on the safety margin, implants are scored as “safe”, cortical encroachment (CE), and “cortical
breach” (CB), see fig 1.3. CE and CB are considered minor and major complications during spine surgery[25].

1.3 Results

1.3.1 Survey

From the total of 8 surgeons who responded, 4 were classified as experienced with the placement of SI screws.
All surgeons in this group reported to have more than 10 years of experience. Of the 4 surgeons classified
as inexperienced, all 4 reported having 5 or fewer years of experience. In both groups, 2 surgeons reported
performing 5 to 20 operations, and 2 surgeons reported to perform 1 to 5 operations every year. A complete
overview of the results is shown in fig. 1.4. There were no significant differences between the experienced
and inexperienced respondents in any questions. However, the in experienced surgeons performed worse on
scoring important factors to obtain a lateral view (Q5), the effect of moving the patient closer to source
(Q6) and how each side of the patient is visualised (Q7). One surgeon in each group chose a position of the
central ray outside the S1. Most surgeons, 79%, successfully determined if the images given were true lateral
(Q9-Q11).
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Figure 1.4: Overview of the survey results among surgeons on their experience and knowledge on the place-
ment of SI-screws.
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1.3.2 C-arm placement experiment

Each of the five pelvis models was successfully positioned in a lateral alignment within the C-arm, creating
the true lateral image before translating to a new position (see fig. 1.5). The average rotation at each position
was 3.9 ± 0.7° along the longitudinal axis (Long-ax) and 0.2 ± 0.4° sagittal axis (Sag-ax) (Position A),
3.5±0.5° Long-ax and 4.6±1.3° Sag-ax (Position B), and -0.1 ± 0.2° Long-ax and 4.6 ± 1.0° Sag-ax (Position
C). The implants were virtually placed using the obtained angles for each position. Of the 45 virtually
placed iFuse implants, 14 (31%) showed cortical encroachment and 3 (7%) showed cortical breach. Of
the 30 virtually placed SI screws, 9 (30%) showed cortical encroachment and 19 (63%) showed Cortical breach.

Figure 1.5: Overview of the three positions obtained relatively from true lateral. At each location, the image
with the superimposed ala lines is shown with the average rotation needed to obtain these images. The
iFuse and SI screws at each location are reviewed for safe implant positions, cortical encroachment (CE) and
cortical breach (CB).
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1.4 Discussion

In this study, first, the knowledge gaps related to C-arm placement during CF-guided pelvic surgery were
assessed. The survey data suggest that surgeons have limited knowledge regarding the optimal placement of
the C-arm to obtain true lateral views during CF-guided pelvic surgery. Second, the theoretical principles
of C-arm placement and its clinical impact were demonstrated. Results showed small C-arm translations
can be compensated by rotating the patient, resulting in difficult to distinguishable images. If implants are
placed without compensating for this new rotation, 7% of the iFuse implants and 63% of the SI screws would
show severe complications in a clinical setting.

The lateral view is seen as the most important view during SI Screw placement [26, 27]. To obtain this
view, literature describes the importance of superimposing the iliac cortical densities [27, 28]. Our survey
data indicated that 75% of the surgeons are aware of this. On the other hand, existing literature presents
conflicting opinions regarding the position of central ray for obtaining true lateral views. Some sources do
mention the need to centre the view on the S1 however, they suggest a true lateral is obtained when the
sciatic notches are overlapping [27, 28]. In contrast, one study centred the image on the superimposed
sciatic notches[29]. Superimposing the sciatic notches is also mentioned in literature where the position of
the C-arm is not discussed [22, 30]. 3 of the 8 surgeons did choose superimposing the sciatic notches as
important. In addition to the conflicting information on obtaining true lateral views, some articles show “true
lateral” views that are not centred at the S1[6, 31, 32]. The survey data showed that 79% of the surgeons
were successful in determining if a lateral view is true lateral. The use of incorrect views during surgery
increases the risk of complications [23], which remains a limitation of CF guidance. CAS has emerged as a
potential solution to overcome this limitation of CF. Previous studies have shown that CAS may lead to a
reduction in complications [24, 33, 34]. Despite these findings, some have reported no significant benefits
[20]. Nonetheless, a global survey of spine surgeons indicated that 87% of them use CF in daily use, while
only 11% use CAS [35], highlighting the importance of understanding how to obtain accurate views using CF.

The survey includes multiple surgeons from several level 1 trauma centres, providing a understanding of
the knowledge of both experienced and inexperienced surgeons. As a result, the impact of hospital-specific
training for surgeons or radiology assistants is minimised. Secondly, the study’s utilisation of phantoms and
a computer-controlled rotation device permits precise measurements. Angular adjustments of half a degree
as used in this experiment, are not feasible with a conventional patient and C-arm setup. Thirdly, the study’s
testing of various anatomies and evaluation of the impact on both SI screws and implants broadens its
clinical relevance. Although the use of CF for the insertion of both screws and implants shares similarities,
they are often discussed separately. The essential factors for obtaining a lateral view are applicable for both
screws and implants.

The survey conducted in this study has limitations. Firstly, the use of a closed-ended survey with
pre-designed answer options may lead to suggestive questions, thereby limiting the true representation of
the use of CF by the surgeon. To mitigate this concern to the best extent possible, the survey underwent
thorough testing and extensive review by multiple surgeons and residents. Their input aimed to ensure
the survey’s appropriateness and minimize the impact of suggestive questioning. Secondly, the low number
of surgeons who participated in the survey is a limitation that may limit the generalizability of the study
findings. Lastly, categorizing the surgeons as experienced and inexperienced based on years of experience
alone may be inadequate. For instance, a surgeon who has conducted 15 surgeries in two years may be more
adequate than a surgeon with 20 surgeries over a span of 10 years. Therefore, this approach may fail to
capture nuances in the surgeon’s experience.

Some limitations to the experiment may restrict its applicability to clinical settings. Firstly, the
direct consequence of complications resulting from rotation does not entirely represent actual surgery.
Surgery involves checking the direction and safety margins in multiple views. Furthermore, guide wires
are typically used prior to implant or screw placement, to allow for adjusting the position if necessary.
Nonetheless, it has demonstrated that even minor rotations in positioning can result in complications,
underscoring the significance of using the correct views. Secondly, virtually placed implants’ safety depends

14



CHAPTER 1. THE CLINICAL USE AND IMPACT OF C-ARM PLACEMENT FOR OBTAINING A
TRUE LATERAL PELVIC VIEW

largely on the patient’s anatomy. Due to large anatomical differences between patients, generalisation
of these results to the clinic is limited. To ensure equitable complication rates, the virtual planning is
constructed with the largest safety margin in all directions. Lastly, a single individual reviewed the true lat-
eral view and subsequent lateral views. This can result in bias and other observers may select different angles.

The study’s findings have important clinical relevance for surgeons performing minimally invasive SI joint
reduction using SI screws and SI joint fixation using iFuse implants, where CF is used to guide the insertion
of guide-wires. Findings from the questionnaire indicate that there exists a knowledge gap among pelvic
surgeons regarding the use of CF in pelvic surgery. Especially in obtaining the true lateral view. Findings
from the experiment have highlighted potential adverse events resulting from incorrect use of CF. These
finding combined emphasised the need for increased clinical insight. This can be achieved by incorporating
awareness of CF use in training and refresher courses for surgeons, ultimately leading to improved patient
outcomes and reduced complication rates.

1.5 Conclusion

Sacroiliac joint fixation using screws or implants remains challenging due to anatomical variations and to the
closely located vulnerable neurovascular structures. CF guidance is used during sacroiliac joint fixation, which
makes a comprehensive understanding of the C-arm crucial. Regarding the C-arm’s operational principles,
the survey revealed knowledge gaps among experienced and inexperienced surgeons. Furthermore, there
was no consensus among the respondents on optimal C-arm placement during sacroiliac joint fixation. The
evaluation of different C-arm positions in the phantom experiment demonstrated rotational disparities to
compensate for different C-arm positions. Which in clinical practice may result in a suboptimal implant
position with an increased risk for complications. Improving surgeons’ knowledge gaps could enhance the
safety and success of sacroiliac joint fixation surgery.
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3
Automation of the SI fusion Virtual
Surgical Planning Pipeline; from CT
scan to Perioperative Visualisation

Abstract
Introduction - Virtual surgical planning for sacroiliac joint fusion, in which implants are planned in a
patient specific position, has become standard clinical care in our hospital. The current method is time
consuming. In addition, the method for intraoperative visualisation of the planning as mentioned in Chapter
2 is prone to observer error. The present study aimed to develop and preclinically evaluate an automated
workflow for the fast and reliable creation and intraoperative visualisation of virtual surgical planning for
sacroiliac joint fixation surgery.

Method - The workflow for creating and visualising of the virtual surgical planning was developed using
the scripting module of the CE-marked Materialise software. To intraoperatively register the planning
onto fluoroscopic images, convolutional deep learning networks were trained to detect at which angle
the intraoperative image was captured. Evaluation metrics included the average absolute error and the
percentage of images with errors below 0.5 degrees. The developed workflow was preclinically evaluated and
compared to the manual workflow.

Results - Results from the automated workflow for the creation of the planning showed a significantly
reduced workload for users and provided prompt guidance for each step, enhancing protocol adherence.
The automated workflow reduced the time by 44 ± 7.8 % compared to the manual workflow. No clinical
differences were observed between the virtual surgical plannings created by both workflows. For the
intraoperative registration of the workflow, the best-performing deep learning network detected the angles
from an image with a mean accuracy of 1.36 degrees on the validation dataset. In addition, 37% of the
images were scored with an error less than 0.5 degrees, meaning that 63% had an error larger that the
required limit for clinical use.

Conclusion - Although the accuracy of the deep learning model for intra-operative image registration did
not meet the required threshold for clinical use, the (semi)-automated workflow for creating the planning
generated clinically equivalent 3D models and safe virtual surgical plannings in significantly less time. Im-
plementation of this automation reduces dependence on individual operators and improves adherence to
established protocols, making it suitable for standard clinical care.
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3.1 Introduction

The integration of technical innovation in clinical settings has revolutionised patient care and improved
clinical outcomes. However, the implementation of these technical innovations has not been without
challenges. Specifically, the creation of virtual surgical planning (VSP) is time consuming and can be
prone to observer error. Sacroiliac joint fusion surgery (SIJF) is a complex surgical procedure that
requires careful preoperative planning and intraoperative visualisation. The success of this procedure
depends on the accurate placement of implants and avoiding damage to vulnerable surrounding anatomical
structures. To achieve this, VSP and perioperative visualisation can offer guidance. Manual construc-
tion of VSP for SIJF has been successfully implemented in our hospital and has shown a reduction in
complications. However, the current workflow the creation of the VSP is time-consuming. In addition,
the perioperative visualisation of VSP (as mentioned in Chapter 2) has not yet been implemented in the
clinic, due to the fact that it is time-consuming and prone to observer errors. Clinical validation of the
benefit of the perioperative visualisation of VSP on top of CF images, is hampered by these intrinsic problems.

To reduce the time required for the full SIJF VSP pipeline and to clinically implement the perioperative
visualisation, this labour-intensive and observer-dependent process must be automated within the MDR
and ISO guidelines. The first step in this pipeline involves extracting the pelvis, sacrum, and SI joint
from the preoperative CT scan. Manual segmentation of these structures can be tedious due to the
multiple steps required, such as a combination of thresholding, morphological, and manual operations [52].
While semi-automatic algorithms can reduce segmentation time and minimise inter-observer differences,
they still require manual operations. To maximally reduce the labours tasks for skilled personnel, a fully
automatic segmentation algorithm is required. Deep learning algorithms for medical image segmentation
have demonstrated fast and precise segmentations [53, 54]. Once the correct segmentations are obtained, the
next step in the SI fusion pipeline is to determine the implant configuration. In order to automatically obtain
the implant configuration researchers in other medical fields have used automatic atlas-based workflows [55].
Creating an automatic atlas-based workflow for SIJF is challenging due to the variability in size and shape
of the sacrum [56] and limited knowledge on optimal implant placement. Finally, in the SIJF VSP pipeline,
perioperative visualisation is required, which involves generating digitally reconstructed radiographs (DRRs)
using the same parameters as the intraoperative image. The workflow, as mentioned in Chapter 2, described
a method of manually determining these parameters. Deep learning models can detect these parameters
from a single intraoperative image [51, 57].

Therefore, in this chapter, we develop a new workflow that combines these existing automation solutions
to create an (semi-)automatic workflow from CT scan to perioperative visualisation. The proposed solution
aims to reduce the manual steps involved in SIJF VSP and perioperative visualisation, decrease planning
time, and minimise observer errors. This allows for accessible implementation for routine clinical care of
SIJF.

3.2 Methods

The (semi-)automatic workflow was developed using the scripting module of Materialise Mimics 23.0 (Materi-
alise, Leuven, Belgium). This allows for the implementation of Python for the (semi-)automatic creation and
perioperative visualisation of the VSP. The implementation was achieved through the execution of Python
commands that communicated with the CE-marked Materialise software via the Application Programming
Interface (API). First, the segmentation workflow is addressed to obtain a 3D model of the relevant struc-
tures. Second, the implant placement workflow is automated to obtain the preoperative VSP. Next, the
preparation workflow of the intraoperative visualisation is addressed and finally the perioperative visualisa-
tion itself. The final part consists of automating the existing workflow and developing a deep learning based
workflow. Each part of the workflow was subsequently evaluated based on the input required, its robustness,
performance, and safety. To evaluate the models created with the developed workflow, VSPs are created
using the developed workflow from five different CT scans by an experienced user. These CT scans included
males & females, left & right sided, and sclerotic & osteoporotic bone. The steps from the manual workflow

28



CHAPTER 3. AUTOMATION OF THE SI FUSION VIRTUAL SURGICAL PLANNING PIPELINE;
FROM CT SCAN TO PERIOPERATIVE VISUALISATION

were performed to obtain VSPs from the same CT scans. The order of model creation using the automatic
and manual workflow was randomized. Additionally, an inexperienced user created the VSP from a CT scan
manually and with the software. This user also scored the software on ease of use.

3.2.1 3D model creation
The workflow for segmenting the pelvis and the SI joint involved seven segmentation steps, including thresh-
olding, region growing, and filling, as well as two workflow operations: renaming and recolouring. Each step
was automated using the API. The obtained models for each of the five patients were compared on volume,
surface distance and creation time.

3.2.2 Implant positioning
The virtual placement of the implants required obtaining a lateral view, loading the implants, moving them,
and changing them to different sizes. Obtaining the lateral view required manual input from the user and
could not be automated; however, scripting was used to guide this process and recreate the same view
in multiple steps of the workflow. Currently in the manual workflow, two STL files are loaded for each
implant, containing the implant and implant cylinder respectively. These loaded STL files are imported
at the origin and needs to be manually moved to the desired location. Changing the size of the implant
involved loading two new STL files, moving them to the position of the old implant, and removing the old
STL files. To facilitate these processes, a graphical user interface was created to allow the user to load and
change implants sizes. Implants are automatically aligned laterally and the distance between implants can
be calculated by the script.

The time to obtain the VSP manually and automatically from the 3D models was compared for the five
patients and for the inexperienced user.

3.2.3 Preoperative VSP visualization
After obtaining the VSP’s, the software allows users to create 3D inlet, outlet, and lateral views, and auto-
matically saves screenshots. These are automatically populated into a slideshow template with the patients’
data. Using the fluoroscopy function of Mimics, the software creates a true lateral digital radiograph (DRR)
of the anatomical 3D model. Users can then create inlet and outlet DRRs. These views are automatically
created with the same angle as the chosen 3D views to ensure similarity. The next step involves adding entry
points and guide wires to these images. To automate this process, software is developed that places pins
and torii based on the implant position and length. DRR’s are created of these pins and torii in the lateral,
inlet, and outlet view, the three most used fluoroscopic views. The DRR’s are cropped and populated into
the slideshow template. A series of DRR images is prepared for the perioperative process.

The slideshow with the preoperative VSP visualisation for each of the five patients was examined and
checked to ensure correctness of the created images and patient data.

3.2.4 Perioperative VSP visualization
The process for perioperative visualisation of the VSP on top of CF as mentioned in Chapter 2 is optimised
using the same Python scripting module. A graphical user interface is created which is used to load the
intraoperative image and guide the registration of the DRR. A deep learning (DL) model was trained to
perform the registration process. Training of the model was performed on DRR images that were created
from pelvic CT scans. These were obtained from a subset of the CTPelvic1K database, known as the CLINIC
database, which contains 103 CT images of healthy patients [58]. Six CT scans were exlcuded deu to lo
quality. To prepare the CT data, it is centred at the S1 sacrum and the pelvic is aligned in true lateral. Using
the aligned CT scans, four databases of DRR images, each containing 48,5k images, are developed using two
different algorithms: a ray casting algorithm from the ITK insight toolbox [46] and a DL based algorithm
[57]. These databases are used to train single stream convolutional networks and dual stream convolutional
networks. A single stream convolutional network has been explored by others and presented promising
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results [51]. Dual steam networks have been proposed before to obtain information from two images or
do comparisons [59, 60]. The PyTorch (version 1.14.0) framework is used for the implementation of these
networks. Appendix C contains the detailed description of the different steps to obtain the trained DL model.

To validate the models during training the accuracy was measured using a custom function that determines
the percentage of predictions with an error less than 0.5 degrees from the ground truth. Although not
experimentally verified, the average error for the manual process as mentioned in Chapter 2 was expected
to be around 0.5 degrees. Additionally, for the best performing network heat maps are produced at different
layers of the network to analyse the learned features and identify important factors that determine the model’s
output. These heat maps allow for the visualisation of the network’s internal representations, which can be
used to interpret the model’s decision-making process.

3.3 Results

The proposed workflow was tested by an experienced user on CT scans from five different patients. The
average time spent on the preoperative steps for VSP creation was reduced by 44 ± 7.8 % compared to the
manual workflow. The creation time for the segmentations was reduced by 32 ± 6,9 %. The largest reduction
in time was seen in the implant positioning part of the workflow with an average of 61 ± 11%. Fig. 3.1 shows
the average creation time for each part. The total planning time was reduced from an average of 96 minutes
to 50 minutes.

Figure 3.1: Box plot of the creation time for the individual steps of the virtual surgical planning comparing
the automatic workflow to the manual workflow. Statistical significance between each workflow was tested
with a paired t-test. Significance: (**) P ≥ 0.01, (***) P ≥ 0.001.

3.3.1 3D model creation

All CT scans were successfully segmented. The average time needed was 30 and 45 minutes for automatic
and manual segmentation respectively. The paired t test showed the time reduction of 15 minutes to be
significant (p = 0.019). In both instances, most time was spent on the manual hole filling step. The largest
volume difference was 13.9 cm3, with an average of 7.4 ± 4.8 cm3. The average hausdorff distance between
the 3D volumes was 0.34 mm. Fig 3.2 shows the spread of the mean hausdorff distance and volume difference
for all the patients. Fig. 3.3 shows the hausdorff distance heatmaps, with problematic areas around the
sacrum, hip joints, and in situ implants. The inexperienced user created the 3D models in 61 minutes using
the manual workflow and in 35 minutes using the automated workflow.
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Figure 3.2: Box plot the mean hausdorff distance (HDD) and volume difference between the manual and
automatically created models.

Figure 3.3: The hausdorff distance shown for the first and fifth patient, left and right respectively. Here
the hausdorff distance is plotted onto the manually segmented model in the anterior-posterior view (AP, top
row) and posterior-anterior view (PA, bottom row). The fifth patient (right) did have iFuse implants in the
right SI joint.

3.3.2 Implant positioning

Creation of the VSP from the 3D models took on average 29 ± 7.7 min and 11 ± 1.8 min for the manual
and automatic workflow respectively. For the inexperienced user, the VSP was created in 32 min and 16 min
using the different workflows. The largest difference between the two workflows, besides the time reduction,
was the ease of use. Following the protocol was simplified by reducing the number of steps (e.g. loading and
renaming of implants) and prompting the user with the next step

3.3.3 Preoperative VSP visualization

The automatically created VSP visualisations were created on average 15 ± 0.8 min faster compared to
the manual creation. In addition, the created visualisations showed a high degree of similarity in terms of
image size and placement in the slideshow, whereas in the manually created visualisations, there was a more
variation. In addition, the lateral view as used for the planning of the implants varied slightly from the angle
used to create the lateral DRR for the manually created visualisations.
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Figure 3.4: Schematic overview of the deep learning network (top) with heatmaps (bottom) of the best
performing single stream network. Heatmaps are created from layer 10, 17, 27, and 40 from left to right
respectively.

3.3.4 Perioperative VSP visualization

The deep learning model was trained to perform the registration process of the intraoperative image with a
virtually created radiograph, a DRR, of the preoperative CT scan. For the image registration, the model
determines the creation parameters from a single intraoperative x-ray image. The parameters consist of the
rotation of the patient along the sagittal and longitudinal axis in degrees. The best performing network was
able to detect these angles with a mean accuracy of 1.36 degrees on the validation dataset with 37% of the
images scored with an error less than 0.5 degrees. The effects the different kinds of pretrained models is
shown in fig. 3.5. It was trained on a dataset from 97 CT scans. This network consisted of a single stream
model with a VGG19 pretrained feature extraction part. Heatmaps of various layers from this model are
presented in fig. 3.4, showing that some anatomical structures are highlighted in the tenth layer heatmap,
especially the edges of vertebrae four and five. However, in succeeding heatmaps, the left upper corner
is highlighted as most important part of the image and there is no useful anatomical information here.
The low percentage of predictions meeting the required error threshold, along with the heatmaps implying
overfitting, indicated that this model is unsuitable for clinical use.

The best performing double stream network detected the beforementioned angles with a mean accuracy
of 1.56 degrees with 21% of the images meeting the maximum error of 0.5 degrees. Each part of the dual
stream network consisted of an Efficiency Net B7 pretrained feature extraction part.

3.4 Discussion

The use of VSP for SIJF has become the established clinical standard at our hospital. However, manual
VSP creation remains time-consuming and susceptible to observer error. This study aimed to develop a
(semi-)automated workflow and compare its performance to the previous manual approach. The results
showed that the automated workflow significantly reduced the average time required to obtain a VSP and
its preoperative visualization from a CT scan. Furthermore, in feedback provided by inexperienced user, the
automated workflow was reported to be more user friendly. In the context of intraoperative VSP registration,
multiple DL models were trained and evaluated. Among these models, the best performing one achieved
an absolute angle error of 1.4 degrees on the validation dataset. Of these images, 63% were registered with
an error larger than the clinical limit of 0.5 degrees. In addition, when analysing heatmaps depicting the
decision-making process, it was observed that the model did not effectively learn the important features.
The low percentage of predictions meeting the required error threshold, along with the heatmaps implying
overfitting, indicated that this model is unsuitable for clinical use.
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Figure 3.5: Experimental results of the effect the different pretrained modesl on the validation data set
error. Here the single stream network is used and trained with 50% of the dataset. During training no data
augmentation was used.

The widespread implementation of automated VSP creation in clinical practice is driven by its ability to
reduce interobserver variability, planning time, and overall cost [61–65]. These automated workflows have
been reported to produce VSP’s that are suitable for clinical use. Carrillo et al. conducted a comparative
study on planning time and reported a 35% decrease when implementing their (semi-)automatic workflow,
which is consistent with the findings of the present study [61]. Furthermore, fully automatic workflows have
demonstrated the capability to create VSPs within minutes [64, 66]. However, achieving fully automated
and accurate VSP creation may not always be feasible. In the field of SIJF, the presence of high anatomical
variation does affects implant placement [67, 68]. Therefore, some degree of input is still required for accurate
implant positioning. On the other hand, creating the 3D models does not require manual input. Several
researchers have proposed methods for fully automated pelvic segmentations, including statistical shape
models [69–71] and more recently, DL-based approaches [54, 58, 72, 73]. These methods have the potential to
further reduce VSP creation time. However, incorporating them into routine clinical care presents challenges.

Intraoperative use of the VSP during SIJF is often accompanied with computer-assisted surgery employs
tracking of the C-arm or O-arm, the pelvis, and surgical tools [20, 24, 33–35]. However, our workflow focuses
on utilizing VSP during surgery without the incorporation of additional tracking devices. Kordon et al.
proposed a workflow for creating and superimposing VSP onto fluoroscopic images during reconstructive
knee surgery [74]. While their focus lies in generating VSP after obtaining the fluoroscopy image, anatomical
registration still plays a crucial role. They developed a DL-based method for anatomical keypoint detection,
which yielded promising results. However, some error remained in this registration method, necessitating
manual adjustments of key points. Although this method could be relevant for the registration process in
SIJF, detecting anatomical landmarks of the pelvis in the lateral view has proven to be challenging [75].
While our current workflow primarily emphasizes VSP creation and visualization, the evaluation of surgical
performance is not assessed. Bataeva et al. proposed a method for detecting guide wires from intraoperative
fluoroscopy views [76]. Their approach estimated the 3D position of the guide wires using antero-posterior
and lateral views with an accuracy of 1.9 ± 1.6 mm and 1.8 ± 1.3°. In the context of SIJF, where even
small deviations can have significant impacts, such a method would require double the current accuracy to
be clinically relevant.

One of the notable strengths of our current automated workflow is its implementation in CE marked
software, ensuring its feasibility for clinical use. Throughout the development process, extensive testing
on multiple SIJF cases has yielded consistently results. Furthermore, the workflow incorporates safety
measures to minimize human errors. An example of such safety measure includes the selection and saving
of the affected side, which is then maintained throughout the various steps of VSP creation. This prevents
observers from segmenting or inserting implants in the incorrect SI joint, DRRs from the wrong side, or
creating inaccurate VSP descriptions. Another significant safety measure is the automatic verification of
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implant positioning. The workflow automatically ensures that implants are always planned parallel to
each other, an important requirement for SIJF VSP. Additionally, the inter-implant distance is calculated.
This distance is essential for preparing the "Variable Parallel Pin Guide" utilised during surgery. If the
calculated inter-implant distance deviates from what is feasible with the guide, the user is alerted with an
error and prompted to adjust the implant positioning. These safety measures enhance the feasibility of the
workflow, particularly for inexperienced users. This was confirmed when evaluated by the inexperienced user.

The main benefit of the proposed perioperative registration process is its widespread applicability. The
method to obtain the registration model is not case specific, allowing for easy implementation in both the
inlet and outlet views. This would involve creating a new DRR database using the same CT scans and
subsequently retraining the model. Moreover, beyond SIJF this method could be utilized in a range of
surgical procedures. The only prerequisites are a preoperative 3D scan (e.g. CT and MRI), an intraoperative
fluoroscopic image, and a VSP. It can solve the problem of needing specific views during surgery such as the
lateral view in reconstructive knee surgery while using VSP [77]. The second strength of the method involves
the validation of the deep learning model. The implementation of DL models into routine clinical care often
encounters challenges related to the "black box" phenomenon, where the decision-making process of the
model is not fully understood, leading to limited trust in its predictions. Therefore, a crucial aspect of this
research was to visualize the decision-making process of the model using heatmaps. This visualization can
contribute to the successful implementation of the model in clinical practice, as it enhances the understanding
and trustworthiness of the model’s predictions. In addition, the evaluation metrics were addressed to improve
the evaluation. This evaluation metric is commonly reported as the average error or mean squared errors,
which provide limited information about outliers. To address this limitation, a custom accuracy function
was employed to demonstrate the model’s proficiency in meeting a clinical requirement, in this case it was
set at 0.5 degrees. This approach allows for a more comprehensive assessment of the model’s performance,
focusing on its ability to meet the specific clinical threshold rather than relying solely on average error metrics.

The major limitation of the (semi-)automatic workflow are the manual steps needed to create the 3D
models. These manual steps are identical to those employed in the fully manual workflow and account for
the observed differences in surface and volume of the 3D models between the two workflows. The 3D models
are needed for the visualizing the pelvic in the DRRs. Consequently, the observed difference of 7.4 ± 4.8
cm3 in volume and a low mean Hausdorff distance do not bear clinical significance. These differences reflect
variability in manual operations rather than a shortcoming in the semi-automatic segmentation process.
However, it should be noted that the cortical bone, which is depicted by the ala lines in the lateral view,
undergoes distortion due to the presence of in situ iFuse implants. This is indicated in the heatmaps,
illustrating the problematic areas for patient three and five. Nevertheless, this distortion is not amplified by
automating and does not yield clinically discernible differences in the VSP visualizations.

A notable drawback of the proposed intraoperative registration method is its inadequate performance
for clinical utilization. The best performing model demonstrated an absolute angle error of 1.4°. To
interpret this error, it is imperative to consider the dataset creation process. The dataset was generated
with a gaussian distributed range in angles with a standard deviation of ± 5°, with the mean centred at 0°.
Consequently, if the model predicts randomly, the average error would be approximately 2.5°. Therefore,
the model only exhibits 1.1° of learning. Most probably, this learning does not stem from the detection of
specific anatomical structures, as indicated by the network’s heatmaps. The primary contributing factor
to the limited learning capabilities and rapid overfitting is the small variation within the database. For
each patient, 500 DRRs are generated within a range of approximately -7° to +7° for both angles, resulting
in the production of mostly similar images. While random data augmentation can partially mitigate the
generation of similar images, it has proven insufficient in preventing overfitting. Expanding the database by
incorporating more patients and creating fewer DRRs per patient could yield a more balanced dataset.

In order to overcome these limitations, future studies should consider the implementation of a fully
automatic segmentation method, which should undergo extensive testing before clinical deployment. For
improving the intraoperative registration, two potential approaches warrant investigation. Firstly, the
exploration of unsupervised registration methods for 2D-to-2D registration can be pursued. By conducting
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registration on a range of DRRs, the DRR that achieves the best registration with the intraoperative image
can be determined. Alternatively, keypoint-based DL registration can be employed for 2D-to-2D registration.
This approach offers the advantage of visualizing the image registration process and the identified keypoints.
Such visualization is critical in intraoperative scenarios where trust in the software is essential and manual
verification of the registration process is challenging. Furthermore, as an extension of the current workflow,
the intraoperative component of the software can be expanded to incorporate surgical evaluation. This
would facilitate real-time feedback and allow for adjustments of the surgery, therefore possibly enhancing
the execution of VSP.

Despite possible improvements, already in its current stage, the presented approach represents a valuable
tool for facilitating VSP for SIJF. Annually, our hospital alone conducts approximately 30 SIJF procedures,
with VSP construction playing a crucial role in these interventions. The automation of this process has
significantly decreased dependence on individual operators and improved adherence to the established pro-
tocol. This advantage is particularly significant for operators with limited experience in constructing SIJF
VSPs. Moreover, the reduction in the time required for VSP creation enhances accessibility and decreases
the associated costs of surgical preparation.

3.5 Conclusion

The manual VSP creation for SIJF, which is the clinical standard in our hospital, is time consuming and
can be prone to observer error. Therefore, a new (semi)-automated workflow was developed. This workflow
generated clinically equivalent 3D models and safe virtual surgical plannings in significantly less time. With
the major benefit of improving adherence to established protocols. Some steps, such as the segmentation,
still require manual input. Future research should focus on automating these steps, for example by utilizing
deep learning models. Nevertheless, the current (semi)-automated workflow for virtual surgical planning
for sacroiliac joint fusion is suitable for standard clinical care. A method to automatically perform the
intraoperative image registration was developed to improve the (semi)-automated workflow. The developed
method was able to estimate the angle at which the image was created. However, the accuracy of this method
did not meet the required threshold for clinical use. The first steps in developing a suitable workflow were
executed, more development is needed to improve this process before clinical implementation.
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4
Clinical Validation of Visualising the
Virtual Surgical Planning during
Sacroiliac Joint Fusion

Abstract
Introduction - Within the guidelines of MDR and ISO, a workflow for (semi)-automated intraop-
erative visualization of virtual surgical planning during sacroiliac joint fusion surgery was developed
and preclinically evaluated. This study investigated whether incorporating perioperative visualization
could enhance implant accuracy during sacroiliac joint fusion surgery. A retrospective cohort, without
perioperative visualization, was compared to a prospective cohort with real-time visualization of the planning.

Method - The retrospective cohort included all patients who underwent primary sacroiliac joint fusion
surgery in 2022. All patients who underwent primary sacroiliac joint fusion surgery in June 2023 were
included in the prospective cohort. In both cohorts, a virtual surgical planning was created and visualized
intraoperatively. In the prospective cohort, the planning was registered and visualised on top of the
perioperative image, for the lateral, inlet, and outlet views. Postoperative CT scans were used to evaluate
implant accuracy and surgical metrics were compared between the two cohorts.

Results - A total of 29 patients were included in the study, with 24 in the retrospective cohort and 4 in
the prospective cohort. In the retrospective cohort, the implant accuracy was 4.78 ± 1.31 mm for the tip of
the implant and 4.17 ± 1.80° for the direction of the implant. The prospective cohort showed a significant
improvement of 1.07 ± 0.42° (P = 0.022) in the average angle error compared to the retrospective cohort.
No significant improvement was seen in implant accuracy based on the tip position.

Conclusion - This study successfully demonstrated the feasibility of intraoperatively registering and vi-
sualizing the virtual surgical planning on top of the lateral, inlet, and outlet views. Although the results
show promising trends towards improved implant accuracy, the retrospective cohort size was insufficient to
establish a statistically significant difference in surgery metrics. Further research with a larger sample size is
needed to validate the potential improvement in reproducing the virtual surgical planning.
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4.1 Introduction

SI joint fusion (SIJF) has been an option for the final treatment for SI joint dysfunction since it was first
described in the 1920s [78]. However, there is ongoing debate regarding its efficacy [79]. Open surgery is
traditionally highly invasive and associated with a high rate of non-union and low patient satisfaction [78].
In recent years, minimally invasive surgical (MIS) techniques for SIJF have been developed, with the first
reported cases dating back to 2008 [2]. Although there are no reported randomised controlled trials, these
techniques have shown significantly higher satisfaction rates ranging from 71% to 100% [79]. Despite the
improvements in surgical outcomes, controversy remains regarding the efficacy of surgical treatment for SI
joint dysfunction [79–82]. To address this controversy randomised controlled trials comparing MIS with
non-surgical treatment have demonstrated superior outcomes with MIS [36, 83, 84].

Virtual surgical planning (VSP) has been implemented to improve the accuracy and safety of SIJF. VSP
allows for optimal placement of implants, potentially resulting in improved stability and, therefore, better
patient outcomes [10–12]. Furthermore, it enables assisted intraoperative guidance such as computer-assisted
surgery (CAS). Tracking devices and robotic arms have been explored for guidance during SIJF. Although
some studies have demonstrated a decrease in mispositioning with CAS [6, 85], others have not found a
significant difference in accuracy compared to recreating the VSP [20, 24]. Additionally, when comparing
conventional fluoroscopic (CF) guidance to CAS, the CF group does not include preoperative VSP creation,
which alone could aid in safe implant placement. Besides CAS, patient-specific drill guides have been
shown to safely guide screws into the spine and allow more accurate VSP recreation than free-handed screw
placement[86, 87]. However, the need for bone preparation to fit the drill guide and distinct bone curvature
for bone seating make this solution less suitable for SIJF. Because of the low cost and availability, CF
guidance is still considered standard clinical care in SIJF and spine surgery [88].

To combine the benefits of the VSP with CF, chapters 2 and 3 detail a feasible workflow for perioperative
visualisation, consisting of visualising the VSP on top of CF to optimise implant placement during SI joint
fusion surgery. This has involved the automation of the VSP preparation within MDR and ISO guidelines
and testing the pipeline. These pilot studies suggested that perioperative visualisation of the VSP is a
low-cost and easily implementable solution without expensive CAS devices. Clinical evidence is needed to
determine the advantages of this addition to the standard VSP use for SIJF.

This study aimed to evaluate the added value, based on implant accuracy, of perioperative visualisation of
the VSP during SIJF. It is hypothesised that perioperative visualisation would result in improved accuracy
of VSP reconstruction, as well as reduced operating time and radiation exposure. To test this hypothesis,
the accuracy of VSP reconstruction with perioperative visualisation is compared to a retrospective cohort
without perioperative visualisation.

4.2 Methods

4.2.1 Study design

The construction and use of VSP in SI joint fusion surgery have become standard clinical care since November
2021 in Medisch Spectrum Twente (MST, Enschede, The Netherlands). The ethical committee of MST gave
a non-WMO declaration in July 2022 for research where 3D technology, including VSP, was used as standard
care (3Database study). All patients who underwent primary SI joint fusion surgery in 2022 were included
in the retrospective cohort of standard VSP, fig. 4.1 shows an overview of the inclusion procedure. Patients
treated before July 2022 are included retrospectively and exempt from informed consent. Informed consent
was obtained from patients treated after July 2022. The perioperative visualisation was added to the VSP
clinical workflow in May 2023. All patients who underwent primary SI joint fusion surgery in June 2023 were
prospectively included in the perioperative visualisation cohort. Implants that were not planned lateral and
therefore not parallel to the other implants were excluded from analysis.
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4.2.2 Procedure

The retrospective cohort in this study received standard SIJF surgery, which involves obtaining a preoperative
CT scan, creating a VSP, creating the VSP visualisation preoperatively, and performing the surgery. During
the surgical procedure, a slideshow consisting of lateral, inlet, and outlet DRRs of the VSP was presented
to the surgeon. These images served as a reference for the placement of guide pins to facilitate the insertion
of iFuse implants. In the prospective cohort, the preoperative planning was expanded with the creation of
a range of lateral DRRs, as discussed in Chapter 2. The software used for this study was created entirely
using medical software. In addition to the lateral DRR’s the planning was also extended for the inlet and
outlet views. During the surgical procedure, the optimal lateral, inlet, and outlet DRR was selected using the
software and registered onto the fluoroscopic images. These fluoroscopic images with the VSP superimposed
served as the reference for the surgeon during the placement of guide wires. The subsequent step of inserting
the iFuse implants over the guide wires followed standard protocol in both cohorts.

4.2.3 Analysis

Patient characteristics (age, sex, BMI, left or right-sided SIJFs), operation characteristics (operating time,
radiation time, radiation dose), the VSP, and CT scans were taken from the electronic health record. To
analyse the added value based on the surgeon’s perspective, the surgeon was asked to provide comments
on the added benefit of the software. The postoperative CT scan is matched with the VSP to analyse the
implant placement accuracy using Materialise Mimics 23.0 and 3-Matic 15.0 (Materialise, Leuven, Belgium).
The implant placement accuracy is calculated based on a previously described method [89] and is defined as
the deviation in planned and achieved apex position (total distance, x-, y-, and z-direction) and implant angle
(total, xy-, and- yz-plane). The resulting variables are presented in a boxplot. The operating characteristics
are compared between the two cohorts. Independent t-tests are performed to determine statistical differences
in implant accuracy, patient and operating characteristics, and intraoperative complications between the
two cohorts using SPSS version 28 (SPSS Inc., Chicago, USA). The patient’s BMI is a confounder for the
radiation dose and time. Therefore, a multivariate logistic regression test is performed to correct for the
BMI.

4.3 Results

Twenty-eight interventions were included in total, of which 24 in the retrospective cohort and 4 in the
prospective cohort (see fig 4.1). The cohort characteristics are shown in tab. 4.1. Due to the limited number
of interventions in the prospective cohort, no statistical tests were performed on the surgery characteristics.
For the surgery evaluation, no difference was observed for the mean implant position of the tip. A significant
reduction in implant angle error was observed, from 4.35 ± 2.01° for the retrospective cohort to 3.28 ± 1.18°
for the prospective cohort (p = 0.022).

The surgeon commented that the workflow for intraoperative visualisation is fast enough for clinical use.
In addition, the representation of the VSP at the adjusted angle provides crucial information to recreate the
VSP accurately. There were some angular differences seen between the fluoroscopic views at the start of the
operation (used for the VSP visualisation) and the final views used for inserting the implants.
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Figure 4.1: Flowchart of the inclusion of the retrospective cohort (left column) and the prospective cohort
(right column). n = number of patients.
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Table 4.1: Cohort characteristics.

PATIENT CHARACTERISTICS RETROSPECTIVE
COHORT

PROSPECTIVE
COHORT

INTERVENTIONS (N) 24 4
IMPLANTS (N) 72 11
AGE (YEARS ± SD) 42 ± 10.8 50 ± 10.8
FEMALE (%) 96 100
BMI (KG/M2 ± SD) 30.3 ± 5.84 26.9 ± 2.09
LEFT SIDE (%) 54.2 50.0

VSP CHARACTERISTICS
MEAN IMPLANT LENGTH (MM ± SD) 47.4 ± 8.1 49.1 ± 6.7

SURGERY CHARACTERISTICS
DURATION (MIN ± SD) 40.1 ± 7.84 40.3 ± 4.43
RADIATION DOSE (CGYCM2 ± SD) (1.22 ± 0.380) *103 (0.742 ± 0.202) *103

RADIATION TIME (SECONDS ± SD) 33.0 ± 9.59 26.5 ± 5.80

SURGERY EVALUATION
IMPLANT POSITION DEVIATION MEAN
(MM ± SD)

4.77 ± 2.05 4.84 ± 1.59

IMPLANT POSITION DEVIATION MEAN OF
MAX (MM ± SD)

6.25 ± 1.74 6.70 ± 0.70

IMPLANT ANGLE DEVIATION MEAN (° ±
SD)

4.35 ± 2.01 3.28 ± 1.18

IMPLANT ANGLE DEVIATION MEAN OF
MAX (° ± SD)

5.69 ± 1.80 3.90 ± 0.90

SD: Standard deviation, KG: Kilogram, M: Meter, MM: Millimeters, Min: Minutes, CGY: Centigray, CM: Centime-
ters, and ° Degrees
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Figure 4.2: Intraoperative images for patient one in the top three rows. In the second row, the virtual surgical
planning (VSP) is superimposed on top of the intraoperative image. In the lateral view, the planned guide
pins are shown in red. In the inlet and outlet views, the planned implants are shown in blue. The bottom
row shows the planned implants (in cyan) and the postoperative implant positioning (in yellow) for patient
one.
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4.4 Discussion
Recreating the VSP during SIJF is crucial for achieving optimal implant positioning and preventing
complications. The developed workflow aimed to improve implant accuracy by incorporating perioperative
visualisation. A retrospective cohort with standard virtual surgical planning was compared to a prospective
cohort where planning was visualised on top of perioperative images. The results showed a significant
difference of 1.07 ± 0.42° in implant angle accuracy, favouring the cohort with the perioperative visualisation
(p = 0.022). These findings suggest that visualizing the virtual surgical planning on top of perioperative
images could be beneficial during SIJF.

The intraoperative complication rate for SIJF is generally low, with reoperation rates ranging from 0 %
to 9.1% and an average of 2.9% according to a review by Heiney et al. [37]. In our study, no intra operative
complications were observed. Literature lacks reports on implant accuracies based on VSP to postoperative
CT scan comparisons for SIJF. Nevertheless, studies on other procedures such as pedicle screw placement
have reported entry point deviations of 1.40 ± 0.81 mm and 3D angular deviations of 6.70 ± 3.77° [90].
These errors affect the accuracy of the implant tip, which is believed to be comparable to the error observed
in the tip position in our study. However, it should be noted that the angular implant accuracy in our
study was lower in both cohorts. Certain navigation techniques, such as O-arm navigation, are expected to
increase radiation dose by approximately 40 seconds of fluoroscopy [91]. In our study, the increased guidance
in the prospective cohort did not result in additional radiation dose. Direct comparison to other techniques
is challenging due to differences in reported metrics. Wang et al. reported a radiation exposure of 13.7 ±
6.2 mGy when using robotic navigation, which, with certain assumptions, would correspond to a DAP of
856 ± 398 cGycm2 with comparable BMI [92]. This DAP is comparable to the prospective cohort in our study.

The major strength of this research lies in the clinical comparison of the workflow. The comparison
between the two cohorts was based on quantitative surgical outcome measures, and the surgeries were
performed by a single surgeon, allowing for a robust evaluation of the added benefit of the new workflow.
However, a limitation of this study is the low number of cases in the prospective cohort. Power analysis
indicated that a prospective cohort of 14 patients would be required to detect a 400 cGycm2 reduction in
mean error as significant. The initial target of including at least 14 patients was not feasible within the
duration of the study, as there were fewer operations than expected during the inclusion period. Another
limitation is the lack of direct translation to clinical benefits. Surgical outcomes in terms of complications
were comparable between the cohorts. Whether better VSP recreation leads to improved patient outcomes
remains unknown. Therefore, future studies should consider incorporating patient-reported outcomes to
assess the clinical benefits of accurately reproducing the VSP.

Although the direct clinical benefits have not been proven yet, it is anticipated that better recreation of
the VSP can allow for smaller safety margins during VSP creation. Consequently, implants can be positioned
in a more stable configuration, such as further apart or in a diverging pattern [10, 11, 43]. Additionally,
there was no increase in the cost of surgery due to longer operation times or expensive devices. In addition,
the operation time could lower with a more optimized or automatic workflow. A small clinical benefit could
therefore be enough that it outweighs the extra work.

4.5 Conclusion
This study successfully demonstrated the feasibility of intraoperatively registering and visualising the virtual
surgical planning on top of the lateral, inlet, and outlet views during SIJF surgery. The workflow can be im-
plemented in the clinic without needing expensive devices due to the creation of CE-marked medical software.
The results show promising trends towards improved implant accuracy. Radiation exposure of the retrospec-
tive cohort was lower, however the size of this cohort was insufficient to establish a statistically significant
difference. Surgical time was comparable in both cohorts. Further evaluation in a larger prospective cohort
is needed to determine whether there is the significant difference in implant accuracy remains. Moreover, it
is important to investigate whether the potential added accuracy can translate into better patient outcomes.
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5
General Discussion

SI joint dysfunction is the cause the debilitating pain for many patients with low back pain. When
conservative treatment options no longer suffice, SIJF has demonstrated favourable outcomes. During SIJF,
it is crucial to avoid closely located nerve structures. Expensive tracking devices have been used to guide
the insertion of the implants. However, CF remains the golden standard. Reproducing the pre-planned
implant position using CF can be challenging. Therefore, the aim of thesis was to improve perioperative CF
guidance by superimposing DRR onto the CF images during SIJF for patients with SI dysfunction.

Chapter 1 of this thesis has provided valuable insights into the use of CF during SIJF and SI screw
placement. The literature examined in this chapter has presented conflicting information on this topic.
Therefore, the significance of C-arm placement has been elucidated, emphasizing its clinical impact.
Although CF is used to check the angle of the implant during surgery, this aspect was not considered
during virtual implant placement. Therefore, a follow-up study could determine whether misplacing
the C-arm indeed affects the clinical outcomes. Together with the knowledge gaps obtained through
the questionnaire, the subsequent phase would involve determining the optimal method for informing
and training current and future surgeons. Knowledge obtained on the use of CF during SIJF could
potentially be extended to other fields where CF is employed. One such field is pedicle screw placement
in spine surgery, where precise guidance is crucial, as deviations greater than 5° can lead to complications [93].

Chapter 2 provided a comprehensive description of the proposed workflow for superimposing the VSP onto
the CF image. The software was developed and able to successfully visualize the VSP onto the CF image.
The manual workflow was fast and accurate enough during clinical testing. However, clinical application
into routine care of the fully custom software outlined may not be feasible within the MDR guidelines.

Chapter 3 has highlighted the effects automation can have on a clinical workflow. The strength of the
developed workflow is its direct implementability into routine clinical care. In addition, it demonstrated
clear time-saving benefits. However, it is essential to consider that the process of developing the automation
script itself can be time-consuming. Consequently, it may not be suitable or time-effective to automate every
clinical workflow, especially in cases where demand is low and manual intervention remains necessary. It is
important to note that the implementation of automated workflows inherently restricts the ability to deviate
from the established protocol. In the context of patient-specific planning, this can often be the case, making
it challenging to incorporate every possible variation into the automation script. During the implementation
of this workflow this should be taken into consideration. Automating the workflow further was attempted
by training DL models. While the convolutional DL models discussed in Chapter 3 demonstrated fast
processing times, they were found to be inaccurate in 63% of the cases. Further development of such
workflow should therefore involve different DL methods.
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CHAPTER 5. GENERAL DISCUSSION

Chapter 4 of the thesis aimed to address the major limitations identified in Chapter 2 by conducting a
comparison to standard surgery and evaluating multiple cases. Although no significant difference in accuracy
was observed, it is important to consider that the limited number of cases analysed in this study may
have influenced the findings. Therefore, further clinical implementation and evaluation are crucial to fully
ascertain the potential benefits of intraoperative visualization.

To conclude, improving perioperative CF guidance by superimposing DRR onto the CF images can be
beneficial during SIJF, but a larger clinical trial is needed to confirm. In addition, an automatic registration
workflow as described in chapter 3, could be implemented in various surgeries that rely on CF and could
revolutionize the use of the standard C-arm.
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