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Preface
Voor u ligt mijn afstudeerverslag ‘Evaluation of options to improve the accurate execution

of osteotomies of the lower limb’ voor de masters van Technische Geneeskunde en Biomedical
Engineering. Juist het combineren van beide studies tot �e�en afstudeeropdracht gaf mij de moge-
lijkheid om dieper op dit onderwerp in te gaan en verschillende kanten te kunnen te onderzoeken.
Hiervoor heb ik anderhalf jaar stage gelopen bij de afdeling Orthopedie en het Orthopaedic Re-
search Lab in het Radboudumc in Nijmegen.

Toen ik in 2014 in Enschede begon met Technische Geneeskunde had ik niet voor mogelijk
gehouden dat ik in 2022 nog steeds aan het studeren zou zijn. Ondanks dat ik de stages tijdens
de masterperiode erg leuk vond, had ik toch het gevoel dat ik iets miste. Ik wilde graag meer
leren over de toepassing van robotica in de medische sector. Daarom ben ik in 2019 ook begon-
nen met de Roboticamaster van Biomedical Engineering en dat beviel mij erg goed.

In de afgelopen 8 jaar heb ik veel nieuwe dingen geleerd, niet alleen over technisch-medisch
inhoudelijke dingen, maar ook over mezelf als persoon. Tijdens ben ik er beter achter gekomen
waar mijn kwaliteiten liggen en wat ik leuk vind om te doen. Ik kijk terug op een waardevolle
periode waarin ik veel mooie dingen heb mogen doen.

Gelukkig heb ik dit niet allemaal alleen hoeven doen. Ik wil iedereen bedanken die mij heeft
ondersteund tijdens mijn afstudeerperiode. In het bijzonder wil ik mijn supervisoren bedanken
voor voor hun hulp tijdens mijn afstuderen. Bedankt dat jullie altijd de tijd namen om al mijn
vragen te beantwoorden en vragen stelden om mij aan het nadenken te zetten. Daarnaast wil ik
de mensen van de afdeling Orthopedie en het Orthopaedic Research Lab bedanken voor jullie
hulp, en vooral voor de leuke tijd die ik heb gehad op de afdeling. Tot slot wil ik mijn vrienden
en familie bedanken voor jullie support en onvoorwaardelijke steun waardoor ik deze studies heb
kunnen afronden.
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Abstract
Accuracy and precision are important when executing a corrective osteotomy around the

knee. However, it can be di�cult to achieve a high accuracy without additional tools. There-
fore, the aim of this thesis was twofold. The �rst aim was to map the corrective osteotomy
procedure and to identify surgical challenges and needs of an orthopedic surgeon to overcome
these challenges in clinical practice. The second aim was to research the feasibility of using
Ultrasound (US) to estimate the bone pose during surgery. A corrective osteotomy around the
knee was used as a case study here.

First, interviews among orthopedic surgeons were held to gain insight into the di�culties and
challenges they experience when executing a corrective osteotomy around the knee or when using
additional tools to perform surgery more accurately. These interviews showed that variation
exist among surgeons regarding the leg stance that is aimed for, the execution procedure of a
correction osteotomy around the knee and the importance of a surgical plan within this process.
Hence, it was decided to focus on improving the registration procedure (which is the alignment
of a surgical plan to the anatomy of a patient) to make a preoperative plan more easily available
and usable within the operation room. A trade-o� was made between di�erent registration
techniques. It was decided to further investigate the possibility of using US as a registration
technique in a surgical setting.

Therefore, �rst computer simulations that mimicked the registration procedure were per-
formed to evaluate whether either A-mode or a combination of A- and B-mode US sensors
should be used. Di�erent Monte-Carlo simulations using a sensor model to mimic realistic US
measurements were performed to determine the number of sensors that were needed to obtain
a desired accuracy of 1 mm and 1�, and to determine the e�ect of the sensor positioning and
measurement inaccuracy on the registration accuracy.

Second, an experiment was conducted to determine how accurate US could detect the bone
surface. Therefore, US images of a cadaver were made inside a CT scanner to acquire simulta-
neous imaging of both US and CT (ground truth). In total, the bone localization error between
CT and US was determined in 11 static measurements made on a human femoral bone cadaver.

The simulation �ndings suggested that at least 22 A-modes or 6 A-modes and 7 B-modes
were needed to obtain a registration accuracy of 1 mm and 1�. A combination of A- and B-mode
sensors was more robust to measurement inaccuracy compared to using only A-mode sensors.
Still, all US measurements depended heavily on the amount of measurement inaccuracy present
in the data. Veri�cation of the bone localization error via an experiment revealed that the mean
absolute di�erence in bone surface depth between CT and US was -0.47 � 0.90 mm. This accu-
racy was within the voxel range of the CT scan. When repeating the Monte Carlo simulation
with this B-mode inaccuracy level, the registration accuracy worsened: using 6 A-modes and 7
B-modes resulted in a registration accuracy of around 4 mm and 4�.

This thesis shows that theoretically, it is possible to use US as a bone localization tool to align
a surgical plan with the anatomy of the patient, although the number of sensors that are needed
to obtain the set accuracy of 1 mm and 1� is not clinically feasible yet. This thesis provides
the next step towards an accurate execution of a surgical plan within orthopedics, providing
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more predictable outcomes in the future. For the application of US as a registration technique
in clinical practice for corrective osteotomies, the usability of this system as a whole should be
tested in a surgical setting. Indeed, the interviews showed good usability is one of the most
important factors in the adoption of this technique in clinical practice. Before that time, �rst,
some technical aspects of this system should be improved to increase its accuracy. Therefore,
more research regarding a more su�cient registration algorithm, accurate, real-time, automatic
bone detection in US images, and US sensor positioning and localization should be performed.
With this information, a predictive sensor model can be made more realistic by identifying the
magnitude of the di�erent sources of inaccuracy more accurately, and by evaluating the e�ect
of combining multiple sources of errors.

vi



Table of Contents

Preface iii

Abstract v

Acronyms ix

I General introduction 1

1 Introduction 3
1.1 Surgical planning within orthopedic surgery . . . . . . . . . . . . . . . . . . . . . 3
1.2 Lower limb malalignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Ongoing discussions regarding the execution of corrective osteotomies . . . . . . 7
1.4 Aims and objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

II Identi�cation of the clinical challenges regarding corrective osteotomies
around the knee 9

2 Surgical experiences regarding osteotomies around the knee 11
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

III Feasibility of using ultrasound as non-invasive bone registration tool 17

3 Brief background information on ultrasound 19
3.1 Bone appearance in ultrasound images . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Further outline of part III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4 Evaluation of using ultrasound sensors for an accurate registration of the
femur with an ICP-based algorithm 23
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.4 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

vii



5 Quantitative analysis of measurement inaccuracy of bone imaging with linear
ultrasound: comparison between ultrasound and CT bone segmentations 43
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.4 Conclusion and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

IV General Conclusion and Discussion 55

6 Conclusion and Discussion 57
6.1 Conclusion and summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.2 Challenges of using ultrasound for registration in clinical practice . . . . . . . . . 58
6.3 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Bibliography 62

Appendices 72

A Substantiation of ultrasound choice 73

B Proposal for the implementation of Kalman �ltering for a more accurate
registration 75

C Additional information for chapter 4 77
C.1 Virtual models and measurement selection . . . . . . . . . . . . . . . . . . . . . . 77
C.2 Additional results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

D Additional information to chapter 5 89
D.1 Acoustic Impedance for di�erent parts of bone . . . . . . . . . . . . . . . . . . . 89
D.2 All measurement results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

viii



Acronyms

CORA Center Of Rotation of Angulation

GSP Geometric Shape Preservation

HKA Hip-Knee-Ankle

ICP Iterative Closest Point

KNN K-nearest neighbor

MAD Mechanical Axis Deviation

PST Patient-Speci�c Templates

RMSE Root Mean Square Error

TRE Target Registration Error

US Ultrasound

ix





Part I

General introduction





Chapter 1

Introduction
Performing orthopedic surgery by following a surgical plan can be of added value

within orthopedic surgery but is often not used in everyday practice. This chapter
discusses the added value of such a surgical plan and the challenges orthopedic sur-
geons face when using supporting tools to execute a surgical plan more accurately.
A corrective osteotomy around the knee is used as a case study here to discuss this
topic.

1.1 Surgical planning within orthopedic surgery

Nowadays, a preoperative surgical plan becomes increasingly important in orthopedic surgery.
This precise surgical plan is often a three-dimensional visualization of the intended bone posi-
tioning and con�guration obtained after surgery. The plan de�nes the surgical steps needed to
obtain the planned bone repositioning and con�guration [1]. It provides the orthopedic surgeon
with a good understanding of the patient's anatomy. This empowers the surgeon to prepare
for the surgery with the necessary equipment, and, through that, avoid possible postoperative
complications [2]{[5]. Moreover, the development of supportive tools such as robotic tools to
execute surgery more accurately require a precise surgical plan. Using these tools for a more
predictable result is expected to become increasingly important in future surgery [6]. The ap-
plication of these technologies starts with an accurate surgical plan.

Linking this plan to the anatomy of the patient perioperatively is crucial for using a surgical
plan in the operation room [7]. Often, imaging modalities such as X-ray, CT scans, or ultrasound
imaging in combination with navigation tools are used for this coupling. For example, naviga-
tion technologies have been developed for spinal [8], knee [9], and hip surgery [10]. Overall,
studies evaluating these technologies show that a surgical plan contributes to a more accurate
execution and more predictable surgical results [3], [4]. Especially in complex orthopedic surg-
eries, tools that support executing a surgical plan accurately are needed for proper execution [11].

A corrective osteotomy around the knee is an example of a surgery that may be complex to
execute. Without computer-assisted tools, this procedure can be considered di�cult and high
risk, discouraging surgeons to perform a corrective osteotomy [12]. A precise surgical plan can
be helpful to execute these corrective osteotomies.

To understand why lower limb malalignment causes problems, especially in the knee joint,
the anatomy of the knee is explained in the next subsection.

1.1.1 Anatomy of the knee

The osseous parts of the knee are the femur, tibia, and patella. The distal part of the femur
exists of the medial and the lateral condyle, which shape �ts into the proximal end of the tibia.
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Figure 1.1: Bones of the knee in bold,
with characteristic bony landmarks. Adapted
from [13].

Figure 1.2: Schematic overview of a normal lower
limb alignment (left), varus malalignment (middle),
and valgus malalignment (right) [19].

The tibia is a relatively 
at articular surface with a tibial spine located in the middle; the
intercondylar notch of the femur �ts into this spine and provides bony stability. The menisci
on the tibial plateau are oval-shaped such that the femoral condyles �t better into the tibial
plateau. These femoral condyles articulate with the menisci and tibial condyles: during 
exion,
the menisci and tibial condyles glide towards the posterior side of the femoral condyles, during
extension this movement is reversed. The hyaline cartilage on the trochlea provides a smooth
joint surface. The menisci contain predominantly collagen type I ordered in a compact network,
to resist push- and pull forces while providing damping [13]{[16]. A schematic overview of the
knee joint is given in Figure 1.1.

All bones have a dense outer layer called the cortical or compact bone, covered by the
periosteum. This layer forms the hard cortex of the bone. Deeper inside the bone, the structure
is more open and porous, this is the trabecular or cancellous bone. The trabeculae are aligned
such that they can withstand the mechanical load applied to the bone [16].

1.2 Lower limb malalignment

A corrective osteotomy may be needed in patients in case of lower limb malalignment, which
is a deformity in the lower limb. This malalignment can be congenital, caused by trauma, or
degenerative. In general, three groups of malalignment are di�erentiated: varus, valgus, and
rotational malalignment (see Figure 1.2). Being bow-legged (called genu varum or varus align-
ment) in the frontal plane is more common compared to being knock-kneed (called genu valgum
or valgus alignment) [17]. Most patients having a lower limb deformity experience pain during
walking and have a feeling of instability in their knee. This is because the malalignment a�ects
proper articulation of the femoral condyles with the menisci and tibial condyles and proper
tracking of the patella during 
exion and extension. The forces through the knee are imbal-
anced, therefore one side of the knee can become overloaded. In addition, adjacent ligaments
and muscles can become a�ected, which in
uences the knee motion and stability. As a result,
these patients have a higher risk of developing osteoarthrosis in their knee joints [18]. Moreover,
due to an a�ected gait pattern, a patient may experience pain in other areas such as the ankle,
the hip, or the lower back.

The gold standard for determining varus or valgus lower limb alignment that is often used
in clinical practice is determining the Hip-Knee-Ankle (HKA) in a weight-bearing whole leg
radiograph [20]. The HKA angle is the angle between the mechanical axes of the femur and
the tibia. As a rule of thumb, a varus alignment between 1 and 3� (HKA angle of 177{189� )
is considered normal. A valgus alignment or varus alignment greater than 3� is considered
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Figure 1.3: A) Mechanical axes of the femur and tibia between
which the HKA angle is calculated [23]. B) Mechanical axis of
the lower limb, with the center of the knee joint indicated with
a black dot. With these two measures, the MAD can be deter-
mined, for example indicating whether the leg has a varus [21].

Figure 1.4: Schematic image of
a distal femoral osteotomy. Here,
the angle � indicates the amount of
correction that is calculated to cor-
rect the mechanical axis of the lower
limb [24].

pathological [21]. The left image of Figure 1.3 shows a weight-bearing whole leg radiograph
where the HKA is determined as well.

Another option to evaluate the knee alignment is using the Mechanical Axis Deviation
(MAD), which is the perpendicular distance between the mechanical axis of the lower limb
and the center of the knee joint. If the mechanical axis is laterally (meaning the MAD� 0 mm)
or too medially (such that MAD � 15 mm) located from the center of the knee, it is considered
to be valgus or varus, respectively. The calculation of the MAD on a weight-bearing whole leg
radiograph is shown at the right sight of Figure 1.3.

Rotational deformities in the lower limb on the other hand are usually quanti�ed on a CT
scan. For example, femoral anteversion is determined on a CT scan by measuring the position
of the femoral condyles relative to the femoral neck. Tibial torsion is determined by measuring
the amount of twist of the tibia from proximal to distal [21], [22].

1.2.1 Treatment of lower limb malalignment: corrective osteotomies

Not all patients with lower limb alignment need a surgical correction. A corrective osteotomy
is only considered when a patient has a symptomatic deformation [22]. In general, patient groups
that usually qualify for an osteotomy, are patients with single compartment osteoarthrosis,
joint malalignment associated with ligamental laxity and instability, and patients with bone
recurvatum [18].

If an orthopedic surgeon indicates a corrective osteotomy after clinical and radiological evalu-
ation, multiple options exist. The most common options are performing a derotation osteotomy,
a varus correction osteotomy, or a valgus correction osteotomy. It depends on the type of de-
formity in which osteotomy or a combination of osteotomies is needed to correct the lower limb
axis. In general, a varus deformity is almost always caused by a deformity in the tibia, whereas
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a valgus deformity often arises from a deformity on the femoral side (hypoplasia of the lateral
condyle) or the tibial side (e.g. lateral tibial plateau fractures) [18]. However, this does not
always apply.

Usually, the goal is to perform the correction in the bone where the deformity is present.
To determine where the deformity is located in the lower limb, the method described by Paley
et al. [21] is often used. This method uses the anatomical axes of both femur and tibia, which
are the mid-diaphyseal lines of the bones. In the case of a deformed bone, both the proximal
and distal anatomical axis intersect. This intersection point is called the Center Of Rotation of
Angulation (CORA).

However, if the deformity is too large, or is present in both femur and tibia, a combination
of osteotomies can be performed. These type of procedures is often executed by an orthopedic
surgeon who is specialized in these types of osteotomies [18]. As a rule of thumb, a double-
level osteotomy is indicated if the correction is more than 20� (or an opening wedge more than
17.5 mm), because of the increased soft tissue tension on the osteotomy site [25].

Types of corrections
The choice for an opening or a closing wedge osteotomy in the bone of interest usually de-

pends on the patient-speci�c situation (for example, a patient already has had surgery before in
that area), or surgical preferences. In most cases, opening wedge procedures are used for height
restoration; however bone grafting of the opening gap may be needed. Moreover, an increased
risk of a hinge fracture exists, which may result in a collapse of the osteotomy site eventually.
Closing wedge osteotomies on the other hand usually heal faster with shorter rehabilitation
times and have a possible lower risk of hinge fractures and nonunion or delayed union [26]. In
contrast, closing wedge osteotomies are seen as more di�cult procedures as two cuts are needed
to perform the procedure; the perfect alignment of these cuts without any additional tools can
be challenging [27]. Figure 1.4 shows locations where the sawing cuts for a lateral opening wedge
or a medial closing wedge osteotomy can be made in the femur. In every patient, the orthopedic
surgeon has to decide which type of osteotomy is most suitable.

One of the most important steps during the osteotomy procedure to obtain the desired bone
correction is the placement of the saw cut for the opening wedge or the two cuts needed for the
closing wedge osteotomy. In the latter case, the distance between the two cuts will determine
the amount of correction that is achieved. The cuts must be made parallel to the joint line to
prevent introducing an additional deformity in the bone. Moreover, the depth of the cuts is
important as well. Cuts that are made too deep may result in a hinge fracture, whereas too
super�cial cuts may result in a hinge that is too sti� which makes it di�cult to obtain the
desired amount of correction. Making a surgical plan before the procedure seems to bene�t the
goal to obtain the desired amount of correction [28].

Outcomes after a corrective osteotomy procedure
The reported outcomes after a corrective osteotomy procedure vary. Reported survival rates

before requiring a total knee prosthesis vary from 75 to 96.5% after 5 years; reported success
rates of correction osteotomies are often lower.

In addition, intra- and postoperative complications occur after a corrective osteotomy. Apart
from general surgery-related risks of complications (such as infection, thromboembolic compli-
cations, wound healing issues), complications such as compartment syndrome, infraction of the
lateral tibial head (in case of tibial osteotomies) vascular damage, hematomas, nerve damage,
�xation failure, loss of correction, or plate removal because of irritation or pain, occur in these
procedures [29]{[32]. Reported complication risks vary between 3.5% [30], [31] and 31% [29].
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1.3 Ongoing discussions regarding the execution of corrective
osteotomies

A correction osteotomy around the knee is an example of a surgical procedure within ortho-
pedics on which no consensus exists on the alignment targets of the lower limb. Therefore, it is
still unclear how a certain correction is related to patient outcomes [18], [33]. The osteotomy
correction targets are mainly based on a few studies. The �rst fundamental study was done by
Fujisawa et al. in 1979 where they presented histological evidence of �brocartilage regeneration
in a study with 54 patients who underwent a valgus high tibial osteotomy for osteoarthritis [34].
In this study, the mechanical axes were corrected to a point that was 30%{40% lateral to the
midpoint of the tibial plateau. Work built on this research described pre-operative planning
methods [35], or introduced slight alternations such as the modi�ed Fujisawa point which takes
the degree of medial articular damage into account as well [36]. Others such as Paley bundled the
information about the principles of deformity osteotomy corrections and further de�ned nomen-
clature and normal values for bone alignment parameters derived from small groups of healthy
participants [21]. Nevertheless, determining patient-speci�c osteotomy targets and predicting
osteotomy outcomes remains a challenge, as well as de�ning indications for an osteotomy, as no
surgical standards are still de�ned [12], [18], [37], [38].

Interestingly, the abovementioned methods to determine the needed amount of correction
(by Fujisawa or Paley) are all based on the lower limb alignment on a weight-bearing whole
leg radiograph, which is a two-dimensional image. However, lower limb malalignment is a
three-dimensional problem. A pre-operative planning is prone to error if it is made on a two-
dimensional weight-bearing image. This is because it di�cult to accurately determine the HKA
angle that is used to determine the amount of correction. The HKA angle on weight-bearing
whole leg images can vary up to 2� compared to CT HKA angle measurements [39]. Addition-
ally, the surgical accuracy that an orthopedic surgeon can achieve when not using any additional
tools adds to this variation. This makes it di�cult to achieve the intended amount of correction.

Due to the variation in surgical options and di�culty to perform the surgery accurately, it
is di�cult to predict the outcome after a corrective osteotomy. In multiple articles reviewing
corrective osteotomies, patient outcomes are not related to the execution procedure, as this is
currently impossible to do due to the heterogeneity in execution options [18]. However, accurate
surgical execution leading to better predicting outcomes is desired to prevent complications that
arise from unintended leg stance over- or under-corrections or intended leg stance corrections
that do not have the desired patient outcome.

To gain more insight in how a certain stance correction is related to patient outcomes,
executing a surgical plan accurately is crucial. Therefore, a surgeon needs additional tools.
In the �eld, two options are mentioned to support accurate surgery. First, literature reports
that optical navigation has been used to perform corrective osteotomies accurately [40]{[43].
Overall, good results were obtained with these optical navigation systems, with the option to
intraoperatively evaluate the results. In addition, this technique avoids inadvertent change in
tibial posterior slope angle and may support the execution of complex osteotomies. Although its
additional accuracy is proven in some studies, clinical bene�ts remain unclear [40], [41]. Pitfalls
of the system are mentioned as well, such as the technical di�culties experienced while working
with this system. Other pitfalls include the additional reference frames that are needed to know
where the femur and tibia are located, and the tedious calibration methods that have to be
executed before the system can be used.

Second, patient-speci�c cutting guides or Patient-Speci�c Templates (PST) are mentioned
in literature as well as an option to accurately execute a preoperative surgical plan periopera-
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tively [18], [38], [44], [45]. Accurate execution and easy usage are the main advantages that are
mentioned in literature. Still, perioperative jig �tting problems, weakness of the jigs, and the
time-consuming process of developing a PST are mentioned pitfalls of these guides.

However, the abovementioned tools are not used on a large scale for the execution of correc-
tive osteotomies. Therefore, the problems still exist of having no insight into how the execution
of corrective osteotomies are related to patient outcomes on one hand, and preventing over- or
under-corrections on the other. Hence, there is a need for another way of accurately executing
a surgical plan.

1.4 Aims and objectives

The goal of this thesis is twofold. The �rst goal is to identify how surgeons deal with the
above-mentioned challenges and discussions regarding the execution of corrective osteotomies,
and whether surgeons would bene�t from techniques to make a surgical planning more easily
available within the operation room. The second goal is to investigate whether US is a good
alternative to use in the process of accurate osteotomy surgery. The thesis is divided into two
parts where both these clinical and technical aspects will be discussed.

Part II focuses on further identifying the execution of a corrective osteotomy in clinical
practice with its challenges and hurdles through interviews with orthopedic surgeons. These
interviews showed that improvement of the registration procedure is essential for the clinical
adoption of more accurate surgical tools. Hence, multiple registration options were compared
for further investigation, and it was decided to further explore using ultrasound for the regis-
tration procedure.

Part III focuses on the technical feasibility of using US for the registration procedure by
evaluating several parameters that in
uence the registration accuracy (see chapter 4). These
simulations showed that the amount of noise present in the US measurement data had a large in-

uence on the overall registration accuracy. Therefore, an additional experiment was conducted
where the measurement accuracy of an US transducer regarding the detection of the bone sur-
face was determined (see chapter 5) to see how large the contribution from the sensor to the
overall registration accuracy was. The found measurement inaccuracy was used to perform a
�nal round of simulations with more accurate results.

This thesis concludes with chapter 6, where the found results will be discussed, and some
perspectives will be given on the feasibility of this registration technique in osteotomy cases.
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Part II

Identi�cation of the clinical
challenges regarding corrective
osteotomies around the knee





Chapter 2

Surgical experiences regarding
osteotomies around the knee

In this chapter, orthopedic surgeons are interviewed to obtain insight into the
osteotomy procedure and the possible challenges they face when executing a cor-
rective osteotomy.

2.1 Introduction

An osteotomy around the knee is a procedure that realigns the lower limb [42]. Most of
the patients who undergo a corrective osteotomy of the lower limb have osteoarthritis, but this
procedure was executed in patients with trauma, congenital deformities, or chondrocyte defects
as well [21], [31]. The overall goals of an osteotomy are to improve function, decrease pain if
present, and slow down knee deterioration in case of osteoarthritis while preserving the original
knee joint as long as possible [46].

However, the outcome measures reported in literature after a corrective osteotomy vary,
regardless of the precise location or surgical technique of the osteotomy. Reported survival rates
before requiring conversion to a total knee replacement vary from 75%{96.8% after 5 years or
51%{95% after 10 years for a high tibial osteotomy [47], [48], and reported success rates of
correction osteotomies are often lower [18], [49].

Furthermore, intra- and postoperative complications occur after an osteotomy, regardless
of the type or the location of the osteotomy [49]. Smaller and older case studies reported
complication rates of up to 57% [50]. Although surgical techniques have improved over the last
years, recently reported overall complication rates still vary between 3.5% [30], [31] and 31% [29].

To date, it is poorly understood why a correction osteotomy of the lower limb fails or why
complications occur nowadays. Therefore, this chapter aims to gain more insight into the ex-
ecution procedure of a correction osteotomy and to identify possible challenges an orthopedic
surgeon experiences during this type of surgery that might explain the above-mentioned variation
in reported numbers.

2.2 Methods

In total, 14 participants who worked in four hospitals in the Netherlands or France were
interviewed. The experience regarding the execution of osteotomies varied from assisting in
these procedures to decades of experience. Semi-structured interviews were held to allow the
participants to elaborate more on a certain topic or question if the opportunity emerged. A
questionnaire was designed to discern the perceptions of orthopedic surgeons and trainee or-
thopedic surgeons towards the execution of correction osteotomies around the knee. For this
questionnaire, the osteotomy process was divided into seven di�erent stages. Per stage, questions
were created to gain insight into the di�erent stages an orthopedic surgeon executes within this
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stage to cover the complete osteotomy procedure. Moreover, interviewees were asked about chal-
lenges that may be experienced within each operation stage. In addition, questions were asked
about the use of currently available techniques supporting the surgeon during surgery as well
as promising future techniques to stimulate interviewees to think about alternative approaches
within the osteotomy procedure. Questions regarding the advantages and disadvantages of us-
ing optical tracking during surgery were asked to several neurosurgeons as well since they used
optical navigation daily.

One interviewer conducted all of these interviews face-to-face or via an online meeting.
Notes were made during and after each conducted interview. The answers of each participant
were summarized and noted in a table. After the interviews were conducted and summarized,
overlapping answers were used to prioritize the given answers. For the analysis, labels were
introduced based on these answers to �nd coherence between the given answers.

2.3 Results

The questions that were asked were categorized per stage and can be found in Table 2.1. A
summary of the given answers per stage of the osteotomy process is described below.

Stage 1 - Positioning and sterile covering of the patient
Interviewees stated that this stage had to be functional and was assumed to be the basis for

the rest of the surgery. It was mentioned that usually this stage is executed following a standard
procedure according to hospital guidelines and consistent practice.

When asked about using a preoperative planning, all interviewees stated that a global plan-
ning was made in terms of the amount of correction in degrees in one plane, type of osteotomy,
and the surgical approach, but without further details on the exact cutting locations in the bone.
Such a planning was based on CT scans in case of rotation deformations, or on x-rays of both
legs in all other cases. The majority stated that the planned amount of correction was based
on `an assumed normal limb alignment', or on `an educated guess'. Within this context, some
participants mentioned that it is still unclear what the optimal limb alignment is to strive for,
and how this alignment is related to patient outcomes.

Stage 2 { Incision and reaching the bone surface
Generally, participants agreed that practice and experience contributed to a faster and more

precise reaching of the bone surface. The interviewees used retractors to maintain good visi-
bility of the surgical area while using sharp and blunt instruments to separate the surrounding
soft tissues (mainly muscles and fat tissue) such that the bone surface could be reached. The
presence of more soft tissues and �brotic tissue were mentioned as factors that could hinder this
process. For most participants, the size of the incision was less important within this process.

Stage 3 - Positioning of the osteotomy device on the bone
Interviewees stated here that experience was important in the determination of the exact

position of the osteotomy device on the bone. K-wires and 
uorescence imaging techniques were
used by the majority of interviewees to verify and improve this position.

When asked about desired support (visual, audio, haptic, or other types of support) during
the positioning of the saw, the majority stated that those types of support could be of added
value. Some mentioned the use of augmented reality as a possibility to guide an orthopedic
surgeon to a preplanned cut position, although some mentioned that at the moment this tech-
nique is too inaccurate to use perioperatively. Almost no interviewee was enthusiastic about
using infrared navigated techniques in this process. Arguments were the extra time it takes to
calibrate, the line-of-sight occlusion during use, the non-intuitive work
ow when looking at the
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screen instead of looking at the patient when operating, and the inaccuracy of the navigation
system during the procedure. In addition, the lacking robustness and compatibility of the cur-
rently used infrared navigation systems with other imaging systems in the operation room were
seen as pitfalls as well.

Moreover, some mentioned the use of PST as a positive development, as they found this a
fast and easy-to-use tool to accurately execute preplanned cuts. However, others disagreed and
mentioned negative experiences with PST. For example, they mentioned that the PST did not

Table 2.1: Overview of the questions that could be asked during the semi-structured interviews. The surgical
procedure around an osteotomy was broken down into seven stages to map the complete osteotomy process. The
questions were categorized per stage.
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have a unique �t on the bone, or that it did not �t at all perioperatively. Others mentioned that
the guided cuts were still too inaccurate due to the minimum diameter sizes of the slots in the
PST causing the saw to still move within the slots and the 
exibility of the used saws during
cutting. No interviewee currently used surgical navigation or augmented reality during current
procedures, and only one interviewee used PST for guided osteotomy cuts regularly.

Stage 4 { Performing the osteotomy Table 2.2: Brief overview of the given answers during
the semi-structured interviews regarding the surgical pro-
cedure around a correction osteotomy.

All interviewees used some type of oscil-
lating saw, sometimes in combination with
osteotomes, to make the required bone cuts.
K-wires and 
uorescence imaging techniques
were used by the majority of interviewees to
guide the cuts within the bone.

All participants agreed that it was chal-
lenging to control the saw in three direc-
tions at the same time and to precisely cre-
ate the bone cut as planned, since main-
taining the desired orientation and position-
ing of the saw in 3D without any guid-
ance remained di�cult, even with a large
amount of experience. Some mentioned
that additional instrumentation to protect
the surrounding soft tissues did not always
prevent damage to the surrounding struc-
tures.

Stage 5 { Repositioning and re�xation of the
bone parts

Most interviewees mentioned that this was
the most di�cult stage in the operation pro-
cedure. They emphasized that it was di�cult
to maintain the intended repositioning con�g-
uration without breaking the hinge while �x-
ating the bone parts with plates and screws. The new bone con�gurations were determined
using tools such as a protractor or osteotomes with a known length, or by \eyeballing" and
using their experience. Re�xation of the bone parts via screw and plate positioning was not
preplanned in 3D in most procedures. Drilling holes and plate localization were determined
while the bone parts were held in their new position by hand or by a retractor (in case of an
open wedge osteotomy). Almost all interviewees saw room for improvement within this stage.

Stage 6 { Perioperative evaluation of the lower limb stance
Most interviewees reported that perioperative evaluation of the correction was based on

experience and the human eye in addition to X-ray imaging to evaluate plate and screw lo-
calization. Only one participant mentioned having used electric wiring or a mechanical axis
system to evaluate the mechanical axis alignment on X-ray imaging within the operation room,
but experienced these methods to be inaccurate and did not use these techniques any more.
Another respondent had used infrared navigation in the past to evaluate the mechanical axis
of the lower limb as well, but experienced inaccuracies with this system and did not use this
system anymore. Participants saw room for improvement within this stage as well.
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Stage 7 { Closure of fasci and wound
Most participants did not experience any di�culties in this stage. Some interviewees men-

tioned that the soft tissue coverage of the �xation plate at the tibia was a problem in some cases.
They mentioned that some patients had pain at the plate location resulting in the removal of
the plate and screws after a while, or an increased risk of infection in case the wound could not
be closed properly.

The most important outcomes of the semi-structured interviews are summarized in Table 2.2.

2.4 Discussion and Conclusion

With the semi-structured interviews, it was aimed to obtain insight into the execution of a
correction osteotomy. Moreover, it was tried to identify challenges that an orthopedic surgeon
experiences during this type of surgery that may explain why postoperative osteotomy outcomes
vary. The semi-structured interviews showed that variation exists among surgeons regarding the
leg stance that is aimed for, the execution of a correction osteotomy around the knee, and the
importance of a surgical plan within this process. The positioning of the osteotomy device
on the bone and performing the osteotomy is often based on eyeballing and experience. It is
di�cult to control the osteotomy device in three directions while not damaging surrounding
soft tissues. Commercially available techniques that could provide more control are not widely
used. Controlling the created bone parts during repositioning and re�xation was di�cult. The
perioperative evaluation of the obtained results was based on eyeballing.

No similar literature was found where individual surgeons were asked about their experi-
ences with correction osteotomies around the knee, operation techniques they use, and obstacles
they observe when executing this procedure. Most of the mentioned challenges resulting in a
complication have been mentioned in literature, particularly in studies that investigated com-
plication rates after a correction osteotomy [29]{[31], [51]. Mentioned planning and operation
techniques have been described in several theory books as well. They illustrate the fact that
there is still no consensus on the used techniques within these procedures [18], [21], [35], [36], [52].

The semi-structured interviews were not exhaustive, due to the relatively small number of
participants. The recruitment of these interviewees from a limited number of hospitals (n=4)
may have resulted in selection bias. However, the answers during the semi-structured interviews
do provide insight into the correction osteotomy process and highlight some challenges the in-
terviewees had to deal with that are shown in Table 2.2.

The interviews illustrate that an accurate and controlled execution of a corrective osteotomy
around the knee remains di�cult, and that experience plays an important role in this process.
Tools meant to support the surgeon in a more accurate and controlled execution such as patient-
speci�c instrumentation and navigation systems are not widely used.

In addition, the interviews showed that it remains unclear what the optimal patient-speci�c
correction is to strive for since the correlation between a certain osteotomy correction and pa-
tient outcomes afterward is still poorly understood. As a result, no guidelines exist on what a
patient-speci�c plan should look like or how accurate a corrective osteotomy around the knee
should be executed. Consequently, di�erent opinions on the importance of a surgical plan were
observed during the interviews [12], [53].

15



Recommendations and further outline of the thesis

As long as an accurate and controlled way of executing a surgical plan for a corrective os-
teotomy remains di�cult, it is complex to predict what an optimal stance correction will be.
Thus, only if surgical plans are made and accurately executed, improved predictions of indi-
vidual patient outcomes can be made that determine what the optimal stance correction for
a patient is. In this way, data is produced of stance corrections that are accurately executed
according to a surgical plan, which can be used as input for predictive models to adjust surgical
plans accordingly based on previous experience. Therefore, detailed surgical planning should
get more attention within the surgical process.

Adopting new techniques to execute surgical plans with high accuracy seems unavoidable
since the semi-structured interviews showed that currently available techniques to execute a
preoperative plan have their weak points. These hamper their usability in the operation room.
The process of accurately aligning a preoperative plan to the patient's anatomy (for example
the registration procedure) remains di�cult with the currently available techniques.

Therefore, the next step focused on �nding techniques to simplify and improve the registra-
tion procedure within this context. Appendix A provides more context around this subject and
insight into the decision process of choosing a suitable registration technique. Based on this
analysis, it was chosen to focus the rest of the thesis on investigating the feasibility of using US
as registration technique for corrective osteotomies of the femur. In part III, �rst some back-
ground information on US will be given, followed by two chapters where the technical feasibility
of using US for aligning a surgical plan to the anatomy of the patient is investigated.
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Part III

Feasibility of using ultrasound as
non-invasive bone registration tool





Chapter 3

Brief background information on
ultrasound

Diagnostic ultrasound (US) techniques can be used to visualize the bone surface in a non-
invasive and non-radiative way without the need for manual pinpointing landmarks. This tech-
nique uses transducers that produce sound waves with frequencies usually ranging from 2 MHz
up to 18 MHz to characterize di�erent types of subcutaneous tissue by measuring the re
ection
of these sound waves. The amount of re
ection depends on the density of the tissue and the
speed of the sound wave traveling through that tissue. Therefore, this re
ection is an indicator
of the type of tissue. The transition between soft tissue and bone is visualized with US since
ultrasound cannot travel through bone and all signal is re
ected at this transition area.

Bone can be visualized using either A-mode US or B-mode US. A-mode US or Amplitude
Modulation uses the information of one sound wave to determine the bone surface location at
one point. B-mode US or Brightness Modulation uses multiple sound waves to determine the
bone surface in one plane [55], [56].

Apart from the non-invasive and non-radiative way of imaging, an additional advantage of
using an US system is that it may be used as a tracking system as well. Then, a new registration
can be performed continuously instead of only at the beginning of the procedure, making the
registration and tracking procedure more robust [57]. Continuous registration enables tracking

Figure 3.1: A) Overview of how an US image is created. Sound waves (red arrows) propagate perpendicular
to the piezoelectric crystals at the top, in the direction of the yellow line. At the interface between soft tissue
and bone, the signal is re
ected (light blue arrow) and travels back to the transducer, where it is measured. B)
Transducer seen from the lateral side. When the beam diameter in the elevational direction increases, the bone
surface variation in that direction merges and is displayed as a thicker appearing line. C) Transducer seen from
the front side. A rougher surface geometry results in a thicker appearing bone response since the received echoes
from di�erent directions cause blurriness around the echoes from the main direct line of sight [54].
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