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Preface

Osteotomies have played a crucial role in orthopedic and maxillofacial surgery,
effectively correcting deformities, restoring joint alignment, and improving function
in various anatomical regions. This edited volume, Osteotomy Essentials — From
Basic Techniques to Advanced Practices, aims to provide a comprehensive overview
of the latest advancements, techniques, and clinical insights in this field.

The book is divided into three sections, each dedicated to a specific anatomical
region where osteotomies are commonly performed. The first section, “Osteotomies
around the Knee”, covers the most extensive range of procedures, reflecting the
widespread application of osteotomies for knee realignment and joint preservation.
It begins with Osteotomies around the Knee: Indications, Planning, and Surgery, which
provides an essential foundation for understanding patient selection and surgical
planning. Subsequent chapters delve into high tibial and distal femoral osteotomies,
addressing their role in treating knee osteoarthritis, ligament insufficiency, and
mechanical axis correction. Other topics include the integration of meniscus repair
with high tibial osteotomy and the role of 3D printing in customizing osteosynthesis
instruments for osteotomies.

The second section, “Osteotomies in the Hip and Foot”, extends the discussion to
other key weight-bearing joints. It explores osteotomy techniques in total hip arthro-
plasty for severe dysplasia, the surgical correction of cavovarus foot deformities,
and the application of proximal and distal osteotomies in hallux valgus treatment.
These chapters highlight the importance of osteotomies in managing congenital and
acquired deformities in the lower limb beyond the knee.

Finally, the third section, “Osteotomies of the Facial Bones”, focuses on craniofacial
surgery. It includes discussions on technological advances in maxillofacial surgery,
osteotomy techniques for implant placement in the posterior mandible, and treatment
approaches for temporomandibular disorders. Additionally, the section explores the
use of statins in bone healing after osteotomies and the effects of different osteotomy
techniques on implant stability, offering valuable insights into maxillofacial and
dental applications.

This book results from the collaborative efforts of leading orthopedic and maxil-
lofacial surgeons, researchers, and engineers worldwide. We hope that it serves as a
valuable resource for both seasoned professionals and trainees seeking to enhance
their knowledge of osteotomies.



I want to express my sincere gratitude to all the contributing authors for their dedication
and expertise. I also extend my appreciation to Mr. Josip Knapic, Publishing Process
Manager, for his invaluable support throughout the editorial process.

Alessandro Zorzi

Department of Orthopedics,
Faculdade Sdo Leopoldo Mandic,
Campinas, Brazil
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Chapter1

Osteotomies around the Knee:
Indications, Planning, and Surgery

Filipa Goncalves Pereira, André Carvalho and Ricardo Sousa

Abstract

Indications of knee osteotomy: coronal, sagittal or axial malalignment, knee liga-
ment instability, association with intraarticular procedures, unicompartmental pain
in association of meniscal deficit or osteonecrosis, unicompartmental osteoarthrosis
and mal union after trauma. Explaining the role of the X rays, CTscan and MRI
when planning an osteotomy. Short description of basic principles of limb alignment
surgery including important angle calculation which are needed to understand the
planning procedure of a knee osteotomy. Description of several planning methods
and the role of patient specific cutting guides and implants. Surgical tips to perform a
knee osteotomy and avoid complications.

Keywords: knee osteotomy, limb alignment, proximal high tibial osteotomy, distal
femoral osteotomy, double level osteotomy

1. Introduction

Knee osteotomies have been used since the nineteenth century to treat knee pain
caused by cartilage wear [1] and developmental disorders [2]. Since the develop-
ment of unicompartmental and total knee arthroplasty, the use of osteotomies has
declined due to their technical complexity, the need for closer follow-up, and the
more demanding recovery process for patients. Recently, however, there has been a
growing interest in osteotomies, as they are no longer solely viewed as a treatment for
osteoarthrosis and coronal malalignments. They are now recognized as coadjuvant
therapies for treating many other pathologies, such as chondral, meniscal, and liga-
ment injuries.

Osteotomies are a powerful tool to correct coronal and sagittal malalignments as
well as torsional malalignments, which can lead to patellar maltracking. In this chap-
ter, we will not address derotational osteotomies or tibial tuberosity osteotomies, as
these are better discussed in the context of patellar instability. Instead, we will focus
on tibial, femoral, double, and biplanar osteotomies.

There are several types of knee osteotomies, including opening- and closing-
wedge osteotomies, each of which has its own advantages and disadvantages, which
we will explore in this chapter. Historically, a proximal tibial osteotomy was per-
formed to correct a varus knee, while distal femur osteotomy was used to correct a
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valgus knee. However, with the evolution of surgical techniques and the comprehen-
sion of limb alignment, we can address deformities more precisely.

This chapter discusses osteotomy indications, limb alignment concepts, planning
methods, surgical techniques, and tips to avoid complications during the procedure.

2. Osteotomy indications and contraindications

In the presence of a coronal malalignment there are several indications for oste-
otomies, including unicompartmental knee osteoarthritis, avascular osteonecrosis,
unicompartmental pain with meniscus deficiency or insufficiency without osteoar-
throsis, concomitant preservation procedures (e.g., meniscal repair or transplant,
cartilage repair), malunion, ligament insufficiency, or ligament revision surgery.

Regarding unicompartmental knee arthritis, there is conflicting data. Some
studies suggest that high-grade osteoarthritis (Kellgren-Lawrence grade IV) in the
affected compartment is a contraindication for knee osteotomy [3], while other stud-
ies do not consider this a contraindication [4].

When preforming articular preservation procedures, such as meniscal repair,
meniscal root repair, meniscal transplant, cartilage repair, autologous or allograft
osteochondral transplant, or treating osteochondritis dissecans, the affected knee
compartment should be unloaded. Failure to correct the malalignment is the most
significant factor responsible for clinical failure [5]. Most studies advise corrections
for deviations greater than 5° from neutral or when the mechanical axis deviates
beyond the tip of the tibial spine of the affected knee compartment. In these cases,
the osteotomy should aim to neutralize the mechanical axis so that the weight-bearing
line passes through 50% of the tibial plateau.

In cases of anterior cruciate ligament (ACL) revision surgery, both coronal and
sagittal alignment of the knee should be evaluated. It has been proven that varus
alignment increases stress on the ACL, and an osteotomy should be considered where
there is ACL reconstruction failure accompanied by a varus malalignment of 5° or
greater [6-8]. The tibial slope should also be measured and corrected, particularly in
cases of ACL revision with a tibial slope greater than 12° or in primary ACL recon-
structions where the slope exceeds 16° [9, 10].

An osteotomy should also be considered in cases of varus malalignment and lateral
knee instability, especially due to posterolateral corner (PLC) injury, where the ability
to control varus caused by the dynamic adduction moments of the knee is diminished.
Both acute and chronic PCL injuries may be eligible for an osteotomy. In acute cases,
an osteotomy can be considered when varus malalignment exceeds 3-6° or when the
mechanical axis hits the tip of the medial spine, as this has been shown to increase the
risk of PLC reconstruction failure [11].

Biplanar osteotomies are indicated when there is a coronal and sagittal malalign-
ment. The most frequent indication is a varus knee with a high tibial slope that
requires a valgus-producing, slope-decreasing osteotomy [12]. Other less frequent
indications include valgus knee with recurvatum needing a varus-producing, slope-
decreasing osteotomy, and a varus knee with PCL insufficiency requiring a valgus-
producing, slope-increasing osteotomy.

In cases where the deformity arises from intra-articular defects, such as tibial
plateau malunions, a tibial condylar osteotomy may be required to reestablish joint
congruence and stability. This type of procedure is an intra-articular osteotomy that
must be patient specific [13, 14].

4



Osteotomies around the Knee: Indications, Planning, and Surgery
DOI: http://dx.doi.org/10.5772/intechopen.1007398

Several contraindications to knee osteotomy have been identified in the litera-
ture, including patient age older than 60, tricompartmental arthritis, inflammatory
arthritis, and limited range of motion.

Most studies consider the presence of tricompartmental and patellofemoral osteoarthri-
tis as contraindications to knee osteotomy [3], but some studies argue that an osteotomy can
still be performed in the presence of cartilage lesions of the patellofemoral joint [15].

While most studies recommend osteotomy for patients younger than 60 years,
others prioritize physiological status over chronological age when determining can-
didacy. Inflammatory arthritis should be evaluated on an individual basis, as recent
advances in treatment have improved disease control, potentially making younger
patients candidates for knee osteotomy.

Regarding range of motion, a flexion contracture of 10° with a total range of
motion less than 100° is predictive of early osteotomy failure [16]. In addition, high
body mass index (BMI) is considered a relative contraindication for this procedure,
as this condition may increase complications such as nonunion due to increased
micromotion at the osteotomy site [17]. Smoking significantly increases the risk of
nonunion, with some studies indicating a 2.2-fold increase [18]. Patients should be
strongly advised to stop smoking at least 3 weeks before the surgery.

In conclusion, the ideal candidate for a knee osteotomy is an active, nonsmok-
ing patient younger than 60 years with a normal BMI, normal range of motion, and
unicompartmental knee pain without severe osteoarthrosis.

3. Deformity evaluation
To understand lower extremity alignment, it is essential to evaluate three planes:

coronal, sagittal, and axial, while recognizing that there are two types of axes:
anatomic and mechanical.

Figure 1.
(a) anatomic axis; (b) mechanical axis; (c) weight-bearing line.
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The anatomical axis is defined by a line drawn in the medullary canal of the tibial
and femoral diaphysis, and the anatomical tibiofemoral angle is calculated using those
two lines (Figure1).

The mechanical axis of the femur is defined by a line from the center of the femo-
ral head to the center of the knee, which can be defined as the center of the condylar
notch or the center of the tibial spines. The tibial mechanical axis is a line from the
center of the tibial spines to the center of the ankle, which can be represented by the
center or the talus. The mechanical tibiofemoral angle is defined as the angle between
those two lines (Figure1).

The Mikulicz line, also known as the weight-bearing line (WBL) or the mechani-
cal axis of the lower limb, is defined as a line extending from the center of the femoral
head to the center of the ankle (Figure1).

Evaluating these angles and axes is important for determining limb alignment
and classifying the limb as neutrally aligned, varus, or valgus (Figure 2). To properly
evaluate the axes and calculate the relevant angles, which we will discuss later, it is
crucial to obtain the correct radiologic images.

A complete radiologic evaluation includes an anteroposterior weight-bearing knee
X-ray, Rosenberg view (weight bearing with the knees at 45° of flexion), a sagittal knee
view, a Merchant view (axial patellofemoral image with the knee in 30° flexion), a sagit-
tal leg view, and a full-length leg X-ray to ensure accurate planning and to avoid under
or overcorrections in knee osteotomy. Several factors can affect the hip—knee ankle angle
(HKA), such as leg rotation, foot position, knee flexion, and weight bearing. Multiple
methods to obtain accurate and reproducible X-rays have been described, with the most
commonly used method developed by Paley and Herzenberg [19]. This method relies on
the position of the patella in the femoral condyles to achieve proper rotation.

With this information, it is possible to classify osteoarthrosis and coronal align-
ment as normally aligned (with the mechanical axis in the central part of the medial

(2) ('ih)

Figure 2.
(a) neutrally aligned knee; (b) varus knee; (c) valgus knee.
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Figure 3.
(a) medial proximal tibial angle (MPTA); (b) lateral distal femur angle (LDFA); (c) joint line convergence
angle (JLCA); (d) joint line obliquity (JLO).

compartment and a mechanical angle of 0-3° of valgus), valgus (with an external
shift of the axis), or varus (with a medial shift of the axis).

It is then important to determine if the coronal deformity lies in the femur, tibia, or
both by calculating the distal femoral and proximal tibial angles. The mechanical medial
proximal tibial angle (mMPTA) is defined as the medial angle formed by a tangential line
to the tibial plateau and the mechanical axis of the tibia, with a normal value of 87° and
arange from 85° to 90°. The mechanical lateral distal femur angle (mLDFA) is defined as
the lateral angle formed by a tangential line to the distal femur condyles and the mechan-
ical axis of the femur, with a normal value of 87° and a range from 85° to 90° (Figure 3).

By evaluating these angles, it is possible to identify the location of the bone deformity
in the coronal plane. In this same plane, two additional important angles are measured:
the joint line convergence angle (JLCA) and joint line obliquity (JLO). JLCA is measured
using a tangential line to the tibial plateau and a tangential line to the distal femoral
condyles, reflecting the intra-articular deformity of the knee, which is an important
consideration when planning osteotomy. JLO can be measured using different refer-
ence lines at the joint level, with the most common method using a tangential line to the
tibial plateau and a tangential line to the ground (Figure 3). In the sagittal plane, using a
proper lateral knee and leg X-ray, it is possible to measure the tibial posterior slope. This
angle is formed by a tangential line to the tibial plateau and a line perpendicular to the
longitudinal axis of the tibia. The slope can also be divided into medial or lateral tibial
slope depending on where the tangential line is drawn.

4. Osteotomy planning

The purpose of an osteotomy is to correct an extra-articular deformity while
simultaneously unloading a knee compartment or adjusting the tibial slope to reduce
stress on intra-articular ligaments.
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In the coronal plane, unloading one compartment of the knee requires shifting
the weight-bearing line (WBL), also known as the Mikulicz line, to the contralateral
compartment. This reduces contact forces in the unloaded compartment. [20-22]

Historically, a high tibial osteotomy was performed to shift the WBL in a varus
knee, while a distal femur osteotomy was performed for a valgus knee [23, 24].
Nowadays, modern osteotomy planning involves studying the origin of the deformity
by measuring the axes and angles previously mentioned. This means that a valgus
deformity is not always attributed to the femur, nor is a varus deformity always
attributed to the tibia. These deformities may originate in one or both bones, and the
correction, whether varus or valgus, must be performed at the site of the deformity,
which could involve the tibia, femur, both, or even the intra-articular structures.

To correct coronal alignment, osteotomies are classified as valgus or varus
producing (Table 1). Choosing the degree of correction is an important step in
planning an osteotomy. To better understand the position of the WBL in the knee
joint, it is often described as a percentage of the articular surface of the proximal
tibia, with 0% corresponding to most medial part and 100% to the most lateral
part of the tibial plateau.

The ideal positioning of the WBL involves minimal overcorrection, sufficient to
unload the affected compartment without overloading the contralateral compart-
ment. This position varies depending on factors such as the degree of osteoarthritis,
the alignment of the contralateral limb, and ligament insufficiency. Historically, all
valgus-producing osteotomies were planned to place the WBL at the Fujisawa point
(62.5%) based on retrospective studies showing higher survival rates and cartilage
regeneration with overcorrected valgus knees [25]. More recent studies have found
that correcting the WBL to 55% of the tibial width creates an optimal distribution of
contact stress between the medial and lateral compartments [26]. An easily reproduc-
ible landmark for achieving 55% correction is the lateral tibial spine [27].

In varus osteotomies, overcorrection is typically avoided. Usually, the WBL is
positioned to pass through 45-50% of the tibial plateau [28]. Even a varus deformity
greater than 2° increases the probability of developing knee osteoarthritis [29].

After deciding where the WBL should pass, it is time to calculate the degree of
correction. Several methods can be used for this calculation: the Hernigou table for
the tibia, the Dugdale method to calculate the alpha angle, and the Miniaci method.

The Hernigou table involves measuring the length of the osteotomy and the
desired correction, then consulting the table for the osteotomy height in millimeters
to achieve the desired correction (Figure 4).

The Dugdale method marks the desired WBL position on the tibial plateau and
calculates the alpha angle between two lines: one from the new WBL point to the
center of the femoral head and another from the same point to the center of the talus
(Figure 5).

Valgus-producing osteotomy Varus-producing osteotomy
Tibia Medial opening-wedge high tibia osteotomy Medial closing-wedge high tibial osteotomy
Lateral closing-wedge high tibia osteotomy Lateral opening-wedge high tibial osteotomy
Femur Lateral closing-wedge distal femur osteotomy Lateral opening-wedge distal femur osteotomy
Medial opening-wedge distal femur osteotomy Medial closing-wedge distal femur osteotomy
Table 1.
Types of osteotomies.
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Figures.
Dugdale method - alpha angle.

The Miniaci method is commonly used in English-speaking countries to plan an
open wedge tibial osteotomy. In this method, the Mikulicz line is drawn from the cen-
ter of the femoral head to the desired point on the tibial plateau (line A), ensuring that
it has the same length as the original Mikulicz line. The hinge point is marked (in this
case on the proximal lateral tibial cortex), ideally more than 1 cm distal to the articular
surface. The correction angle is the one formed between a line drawn to the center of
the talus and the hinge point and a line drawn from the hinge point to the end of line A
(line C) (Figure 6) [30].

The Miniaci method can also be used in a reverse fashion, known as the inverted-
Miniaci method, to calculate the correction in distal femur osteotomies [28]. In this
method, the original Mikulicz line and the new Mikulicz line passing the knee at the
desired point (line A) should be drawn. The hinge point should be marked just above
the femur epicondyle (medial or lateral whether there is an opening or closing wedge
osteotomy). The lines are drawn from the hinge to the center of the femur head (line

9
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9°(170,1°)

Figure 6.
Miniaci method.

B) and the hinge point to end of line A (the new center of femoral head) (line C). The
angle formed between lines B and C is the correction angle (Figure 7).

Regardless of the method used, the angle of correction should be converted to
millimeters to allow precise surgical control. Using a calibrated X-ray, the calculated
angle is projected onto the bone (distal femur or proximal tibia), starting at the hinge
point and ending on the opposite cortex. The height between the lines at the cortex
level corresponds to the wedge size that should be resected or created. When planning
an opening-wedge osteotomy, the thickness of the sawblade should be added to the
calculated height.

Evaluation of the joint line obliquity angle (JLCA) is of great importance after
defining the degree of the bone correction.

It has been shown that the JLCA decreases after a high tibial osteotomy [31, 32];
the greater the change between preoperative and postoperative JLCA the greater the
risk of overcorrection. Risk factors to predict a JLCA change of more than 2° include a
preoperative JLCA >3° and a significant difference between standing and supine JLCA
measurements (>1.7°). This is particularly important in osteoarthritic varus knee
because the deformity is usually greater in the standing position than in the supine
position due to the adduction moment on the medial side of the knee [33] and because
osteoarthritic varus knee may have other factors contributing to the deformity. Varus
knees can be classified in three categories: primary varus (tibiofemoral bony align-
ment and deformity isolated), double varus (bony deformity plus soft tissue laxity),
and triple varus (bony deformity plus severe laxity posterolateral structures and
recurvatum in extension) [34].
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B

"808,9 mm

Figure 7.
Reverse Miniaci method.

Correcting a varus deformity involves not only addressing the bony deformity but
also considering intra-articular deformities caused by cartilage wear and soft tissue
laxity or contracture.

There are several methods used to predict the JLCA’s effect on the final correction
of limb alignment and balance this effect when planning the osteotomy, such as using
a lateral wedge insole for valgus osteotomies [35], avoiding valgus MPTA corrections
greater than 2°, and not allowing the WBL to pass over 57.5% of the width of the
proximal tibia surface [36]. Equations such as the following can be used to predict
postoperative JLCA and soft tissue correction:

* Soft tissue correction = 0.691 x JLCA —0.411 x valgus JLCA —0.399 [37]

* Postoperative JLCA = 0.478 + 0.188 x Preoperative JLCA (standing) +0.541x
Preoperative JLCA (supine) [33]

In the authors opinion, the easiest and most predictable method to avoid overcor-
rection is subtracting a value from the initial correction angle using the following
equation:

« (JLCA-2)/2 [38]

The joint line obliquity angle (JLO) should also be considered when planning
an osteotomy. It is important to establish limits for single-bone corrections, and
the surgeon must decide whether to slightly overcorrect or perform a double-level
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osteotomy. Historically, it was acceptable to obtain a JLO less than 10° [39], but recent
evidence shows that a JLO greater than 5° doubles shear stress in one compartment
and may lead to cartilage lost on postsurgical X-rays [38, 40]. Clinical and functional
outcomes are poor with a JLO greater than 4°-5°, and in the majority of these cases

a double-level osteotomy should be performed instead [24, 41]. Nowadays, we may
conclude that an ideal JLO after osteotomy should not be greater than 4°.

Without appropriate software is it hard to plane and predict the exact vale of the
JLO, but there are some signs that can alert the surgeon to the need for double-level
osteotomy, such as preoperative JLO value greater than 3°, JLCA greater than 5°, hip-
knee-ankle angle (HKA) greater than 10°, a predicted postoperative MPTA greater
than 95°, and a gap correction of more than 15 mm [42]. There is no threshold for
the MPTA overcorrection, but clinical outcomes are worse with postoperative MPTA
greater than 94°. An equation to predict postoperative JLO has been described, which
can be helpful to surgeons who do not have access to informatic tools:

¢ 1°increase in MPTA = 0.463° increase in JLO [43]

Double-level osteotomy may also help prevent leg length discrepancies after large
corrections in only one bone, which is a potential complication and can cause gait
changes and back pain [44].

In conclusion, double-level osteotomy should be considered when a large defor-
mity exists in both the tibia and the femur, and the affected compartment cannot be
unloaded without exceeding acceptable JLO limits. The goal is to achieve a postopera-
tive JLO less than 4° and an MPTA less than 94°.

Patella height should also be evaluated when planning an osteotomy. There are
several methods to measure patella height in a sagittal X-ray with a knee flexion of
30°. The most used are the Caton-Dechamps, Insall-Salvati, and Blackburne-Peel
indices [45].

Nowadays, the majority of tibia osteotomies are supratubercle osteotomies, which
may alter patella height: open-wedge tibial osteotomies tend to decrease patella
height, while closing-wedge osteotomies tend to increase patella height [46]. Studies
suggest that a valgus correction of 10° can decrease patella height by 2 mm [47]. These
changes can increase patellofemoral joint contact pressure, leading to postoperative
anterior knee pain and lower clinical and functional scores [48]. Distal tubercle
osteotomies do not affect patellofemoral contact pressure or osteoarthritic progres-
sion [49] and may be preferable for large corrections [46]. A distal tibial tuberosity
osteotomy or a biplanar tibial osteotomy with an L shape that is directed distal to the
tibial tubercle are indicated in cases of patella baja, since these methods do not change
patella height or patellofemoral joint contact pressure [50].

When planning a sagittal osteotomy or a slope-changing osteotomy, some con-
siderations must be taken. Firstly, supratubercle anterior osteotomy may also change
patella height. Secondly, slope-reducing osteotomy (anterior closing wedge) can
increase hyperextension of the knee, and thus, a careful preoperative evaluation
should be undertaken to exclude preexisting recurvatum [51]. This kind of osteotomy
is more frequently performed in the sagittal plane. The interest in this method has
grown over the years, especially in patients with ACL insufficiency or revision ACL
surgery.

Small corrections in a patient with a normal patella height may be achieved
through a supratubercle osteotomy. Most of the corrections require a biplanar oste-
otomy to ensure tibial tubercle and patellar tendon integrity.
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When performing an infratubercle osteotomy the surgeon must plane it to be at
least 3 cm distal to the tibial tubercle to decrease fracture avulsion risk [52]. The hinge
points for these osteotomies should be placed at the level of the posterior cruciate
ligament’s (PCL) tibial insertion, which can be identified radiographically 1 cm distal
do the tibial plateau in a sagittal plane [52].

In some patients, both the coronal and sagittal planes must be corrected, for example,
in case of an ACL reversion surgery in a patient with a tibial slope greater than 12°.

Planning a biplanar osteotomy is particularly difficult without specialized soft-
ware because even minor adjustments in the placement of the hinge point can produce
an undesired correction. We will focus on the most common biplanar osteotomy: the
valgus-producing, slope-decreasing osteotomy.

The natural tendency of a closing-wedge tibial osteotomy is to reduce the tibial
slope, which can be advantageous. However, this procedure allows less fine-tuning
during surgery and, as will be discussed later in the chapter, tibial closing-wedge
osteotomies have some disadvantages and are technically difficult to perform.

On the contrary, an open-wedge tibial osteotomy tends to increase tibial slope. To
prevent this in a single-plane osteotomy, the gap created must be asymmetric, with
the posterior side being larger, to maintain the slope [53]. In a biplanar osteotomy,
which addresses both the sagittal and coronal planes, the hinge point must be placed
far anteriorly on the lateral cortex. Studies have demonstrated that rotating the
hinge point 8.7°externally and 21.6°proximally decreases the tibial slope by 1°in a
10 mm medial open-wedge osteotomy model [54]. Since most osteotomies involve
corrections of less 10 mm, identifying exact hinge point for the desired correction is
challenging. As a result, patient-specific instrumentation (PSI) and implants may be
necessary to ensure a precise and successful procedure.

5. Patient-specific instruments and navigation

Patient-specific instruments (PSI), including cutting guides and implants, were
developed to improve accuracy and simplify the planning and surgical process. In
coronal plane osteotomies, however, PSI offers no significant advantage over the
conventional freehand method when performed by an experienced surgeon. The
literature has shown no statistically significant differences in correction parameters or
clinical outcomes between the two methods [55, 56]. Although PSI demonstrates good
reproducibility and accuracy, [57-59] some evidence suggests it may offer a slight
advantage in accuracy of closing-wedge osteotomies [60].

PSI can be particularly advantageous in some cases requiring multiplanar correc-
tions, where preexisting implants are present or when precise planning of screw and
bone tunnel placement is necessary. The PSI method requires a CT scan of the limb
and specialized software to determine where the hinge point will be, the location of
the opening or closing gap, the placement and length of screws, and the position of
the plate. Once these details are determined, cutting and drill guides for the oste-
otomy are created. Some guides also incorporate Kirschner wire (K-wire) guides to
protect the hinge and avoid hinge fractures.

During the surgery, after verifying the position of the guide, the screw holes are drilled
first, followed by the osteotomy with a saw blade. After opening the gap and fixing the
plate, the holes of the plate should align with the predrilled holes of the guide. Thisisan
extra step to confirm accurate correction. PSI also has the advantages of a short learning
curve, reduced surgical time, and less radiation exposure during surgery [59, 61].
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Navigation or computer-assisted surgery may reduce outlier results, but its
increased accuracy is not statistically significant when compared with the traditional
freehand technique [56]. However, some studies suggest that navigation offers better
accuracy in controlling tibial slope than conventional surgery [62]. This technique
demands the placement of bone trackers and the registration of bone landmarks,
which are critical steps that, if not executed properly, can lead to errors. It is impor-
tant to check changes in coronal alignment under varus and valgus stress because
the values acquired via navigation may be different from those obtained by weight-
bearing X-rays. It is advisable to apply varus force until the navigated preoperative
value matches the radiographic value [63]. This technique has a longer learning curve
and can increase operating time [64, 65], but it also provides real-time intraoperative
information on the HKA axis and the coronal, sagittal, and transverse axes.

6. Advantages and disadvantages of different osteotomies in the coronal
plane

When choosing between different osteotomy methods for achieving the same type
of correction, several factors must be considered, including patient conditions and
the pros and cons of each technique. This section focuses on the two most commonly
performed osteotomies: proximal high tibial osteotomy for varus correction and distal
femur osteotomy for valgus correction.

For varus corrections in the tibia, two methods can produce valgus: medial
opening-wedge and lateral closing-wedge osteotomies.

Lateral closing-wedge osteotomy, popularized by Coventry, was the first method
developed for varus correction [66, 67]. This type of osteotomy is more stable and allows
immediate weight bearing, has lower nonunion rates, and has lower risk of increasing
posterior slope and changing patella height. However, this technique involves removing
a block of bone, which may limit future surgical options. It also requires a lateral dissec-
tion and a possible proximal peroneal osteotomy, increasing the risk of damaging the
lateral collateral ligament, injuring the peroneal nerve, or causing anterior compartment
syndrome. Besides these risks, lateral closing-wedge osteotomy is technically demanding
and, as it is a closing osteotomy, there is less room for fine-tuning the correction.

Medial opening-wedge osteotomy has gained popularity with the development of
new osteotomy plates and fixations techniques. This surgical approach is much easier
than the lateral one, as it avoids the risks of lateral exposure. Opening-wedge oste-
otomy preserves bone stock and allows some intraoperative fine-tuning, which gives
the surgeon more control. Because there is a gap created during this procedure, the
nonunion rate may be higher than in closing-wedge osteotomies. There may also be
postoperative pain due to bleeding. To avoid this, the gap can be filled with autologous
bone graft, allograft, or synthetic bone graft. Opening-wedge osteotomy has a higher
risk of increasing the posterior tibial slope and altering patella height.

For valgus corrections in the femur, two methods produce varus: medial closing-
wedge and lateral opening-wedge osteotomies. The most used method is the lateral
opening-wedge femur osteotomy, which may be more comfortable for surgeons as
it allows fine-tuning, preserves bone stock, and requires a lateral femur approach,
which most surgeons are familiar with for treating distal femur fractures. However,
this technique is less stable and has a higher risk of delayed union or nonunion. The
hardware required can irritate the iliotibial band, often necessitating a second surgery
for hardware removal [68].
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Medial closing-wedge femur osteotomy is less commonly used but offers several
benefits. It is more stable, with higher union rates and the hardware is less likely to
cause irritation, reducing the need for a second surgery. Most surgeons are less famil-
iar with the medial approach, which requires elevating the vastus medialis muscle and
exposing the posterior femoral cortex to protect the neurovascular bundle.

7. Surgical technique, pearls, and pitfalls

The most important step in performing an osteotomy is planning. After adequate
planning and choosing the type of osteotomy to be performed, care must be taken to
avoid common complications and guarantee an appropriate correction.

In both opening- and closing-wedge osteotomies, it is critical to avoid a hinge frac-
ture. To do this, the surgeon must ensure that the sawblade and osteotomes advance
to within 1 cm of the hinge cortex. Care must be taken to avoid cutting too close to the
hinge, which could lead to a fracture.

In an opening-wedge osteotomy, the surgeon must confirm the posterior cortex
cut is complete before gradually opening the wedge. A controlled, slow opening
process using osteotomes or a spreader is essential to avoid sudden stress on the bone.

In a closing-wedge osteotomy, removal of the bone triangle must be accurately
planned because fine-tuning corrections are more difficult in closing-wedge tech-
niques. The bone piece should be removed in one piece, if possible, to make closure
easier. Any remaining bone fragments can complicate closure and increase fracture
risk. If closure is difficult, a curette should be used to check for bone fragments,
and Kirschner wires (K-wires) can be used to create small holes in the hinge cortex,
improving plasticity and facilitating closure.

In recent years, K-wires have been used to protect the osteotomy site. A K-wire
should be placed at the intersection of the osteotomy plane, 1 cm from the hinge. This
technique acts as a barrier to protect the osteotomy site and sawblade and increases
the mechanical resistance to breakage. It also enhances the allowable displacement,
thus reducing the risk of hinge fractures in both opening- and closing-wedge osteoto-
mies that require large corrections [28, 69].

In opening-wedge osteotomies, the surgeon must always consider the thickness of the
sawblade. When performing the bone cut, a “natural” gap corresponding to saw thick-
ness is created, but at this point no correction is made. For example, if the planned cor-
rection gap is 5 mm and the sawblade is 2-mm thick, the final gap will be 7 mm. Surgeons
must account for this in their preoperative planning to avoid under or overcorrection.

Although rare, neurovascular bundle injury is a serious complication [70]. To
minimize risk, the posterior cortex of the femur and tibia must always be bluntly
dissected and protected during the osteotomy. Proper protection of the neurovascular
bundle during bone cuts is more important than flexing the knee. This can be difficult
and can lead to a misplacement of the retractors.

8. Conclusion

Osteotomies are powerful surgical interventions that must be carefully planned and
adjusted for each patient. With survivorship rates reaching 90%, they are especially appealing
for younger patients. A comprehensive understanding of lower limb deformities and the
effects of each type of osteotomy is essential for surgeons performing these procedures.
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Recent advancements such as planning software, navigation systems, and the
availability of PSI guides, developed in collaboration with engineers from various
industries, have enhanced the ability to analyze deformities and predict surgical
outcomes more effectively.

In the future, innovations in robotic surgery and artificial intelligence will bring
about new tools to improve surgical techniques and clinical results.
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High Tibial Osteotomy within the
Knee Health Promotion Option for
Knee Osteoarthritis

Jung-Pin Hung, Li-Chan Chou and Shaw-Ruey Lyu

Abstract

This chapter explores the utilization of High Tibial Osteotomy (HTO) within
the framework of the Knee Health Promotion Option (KHPO) for treating knee
osteoarthritis (OA). HTO serves as a fundamental treatment approach, especially
in advanced OA cases, showcasing initial success. However, this chapter delves into
the comprehensive analysis of HTO, examining survivorship rates, patient-reported
outcomes, long-term implications, concerns regarding revision surgeries, and com-
parisons with other treatment modalities like unicompartmental knee arthroplasty
(UKA). Additionally, the chapter discusses advancements in technology, such as
patient-specific instrumentation (PSI), and the synergistic effects of the Arthroscopic
Cartilage Regeneration Facilitating Procedure (ACRFP) with HTO in optimizing knee
health management. The study emphasizes the crucial need for ongoing research
efforts to enhance the efficacy of HTO while navigating its limitations in managing
knee OA. Through a multidisciplinary approach encompassing surgical advance-
ments, tailored treatment plans, and precise assessments, this chapter provides a
roadmap for healthcare practitioners to optimize patient outcomes and revolutionize
the management of knee OA within the realm of the KHPO.

Keywords: knee osteoarthritis, cartilage regeneration, high tibial osteotomy,
knee health promotion option, medial plica, medial abrasion phenomenon,
arthroscopic cartilage regeneration facilitating procedure

1. Introduction

High Tibial Osteotomy (HTO) is a surgical procedure commonly used in the treat-
ment of knee osteoarthritis (OA). This procedure involves realigning the weight-bearing
axis of the knee joint to relieve pressure on damaged areas of the joint, thereby address-
ing symptoms and potentially delaying or avoiding the need for Total Knee Arthroplasty
(TKA). HTO has shown promising outcomes in providing pain relief, improving knee
function, and slowing down the progression of joint degeneration, particularly in
younger and active patients. Recent advancements in surgical techniques and technolo-
gies, such as intraoperative navigation and 3-D printing, have enhanced the precision
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and effectiveness of HTO procedures. However, challenges persist, including the
potential need for conversion to TKA in some cases and the long-term effects of HTO
on joint health. Future research directions in HTO focus on biomechanics, combination
with cartilage repair techniques, postoperative outcomes, and further advancements

in surgical methods to optimize patient outcomes and quality of life. Overall, HTO
remains a pivotal treatment option for knee OA, particularly in younger and more active
demographics, ongoing research endeavors are essential to maximize patient benefits.
Continued enhancements in surgical methodologies, precise assessment tools, and
individualized treatment strategies hold the potential in optimizing HTO’s effectiveness
while addressing its inherent limitations in managing knee OA.

This chapter explores the relationship between the medial abrasion phenom-
enon (MAP) and knee OA, emphasizing MAP’s role in the condition’s progression.
Characterized by repetitive abrasion between the medial plica and femoral condyle,
MAP causes physical and chemical damage in the knee joint, leading to cartilage
degradation and inflammation. Research highlights the biochemical and histological
changes linked to MAP, revealing its impact on cartilage integrity through the expres-
sion of matrix metalloproteinases and cytokines.

The proposed Knee Health Promotion Option (KHPO) incorporates findings from
MAP research into a comprehensive treatment protocol for managing knee OA. It
offers clinical staging and personalized treatment recommendations, starting with
Smart Knee Care (SKC), which emphasizes patient education and customized reha-
bilitation exercises. For more advanced cases, combining the Arthroscopic Cartilage
Regeneration Facilitating Procedure (ACRFP) with High Tibial Osteotomy (HTO)
provides a promising strategy for preserving knee function and potentially avoiding
prosthetic replacements by addressing MAP-related etiological factors and promoting
cartilage regeneration.

Recent outcome studies show that these combined treatments lead to high
patient satisfaction and observable cartilage regeneration post-surgery. This tailored
approach emphasizes the importance of early intervention and personalized care in
slowing the progression of knee OA. Overall, the chapter highlights MAP’s critical
role in knee OA and the effectiveness of targeted interventions such as ACRFP and
HTO within the KHPO framework, ultimately aiming to enhance patient outcomes
and improve the quality of life for those affected by this debilitating condition.

2. The status and limitation of High Tibial Osteotomy in knee OA
treatment

High Tibial Osteotomy (HTO) stands as a fundamental treatment approach for
knee osteoarthritis (OA), particularly in advanced cases. While HTO showcases initial
success, several aspects and implications must be carefully analyzed for a complete
understanding of its status and limitations.

Survivorship and patient-reported outcomes constitute primary evaluation
metrics for HTO efficacy. Systematic reviews and meta-analyses [1, 2] have revealed
promising results, showing an average survivorship rate of 74.6% at 10-year follow-
up, although outcomes may deteriorate over time. Maintaining high functional scores
while preserving knee health presents a challenge, especially considering the natural
progression of the disease. While HTO is favored among younger patients for its
potential to delay or avoid total knee arthroplasty (TKA), the long-term implications
raise concerns for both practitioners and patients.
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Concerns regarding revision surgeries after HTO failure add further complexity
to the debate [3, 4]. Competing analyses suggest that transitioning from HTO to TKA
after a failed osteotomy poses challenges, including longer operative times, impacts on
postoperative function, and heightened risks of infection and revision compared to
primary TKA. This underscores the critical need for thorough research into the effec-
tiveness of osteotomies to ensure significant improvements in patient quality of life.

Comparative studies between HTO and Unicompartmental Knee Arthroplasty
(UKA) present differing advantages and outcomes [5, 6]. While UKA may surpass
HTO in reducing complications and enhancing postoperative functional scores,
choosing between the two remains a nuanced decision. The ongoing debate between
HTO and UKA continues, emphasizing the need for tailored treatments based on
patient demographics and condition severity.

Emerging technologies like patient-specific instrumentation (PSI) and computer-
assisted surgery (CAS) aim to enhance precision and reduce complications in high
tibial osteotomies (HTOs) [7-10]. These advancements offer higher accuracy in
alignment correction and align with modern trends in improving surgical outcomes.
Complementary approaches such as mesenchymal stem cell (MSC) augmentation
[11, 12] and cartilage repair techniques [13, 14] showcase potential benefits, albeit
with limited data on improved knee function post-surgery [11, 12].

In conclusion, while HTO remains a significant treatment option for knee osteoar-
thritis, especially in the younger, more active patient population, continued research
efforts are vital to optimize patient outcomes. Ongoing advancements in surgical
techniques, accurate assessment tools, and tailored treatment plans demonstrate
promising prospects in enhancing the efficacy of HTO while addressing its limita-
tions in the management of knee OA.

3. What is a Knee Health Promotion Option?

Knee Health Promotion Option (KHPO) provides a comprehensive approach
to managing knee osteoarthritis (OA) through a multidisciplinary treatment plan.
This option encompasses prevention to treatment and addresses the medial abrasion
phenomenon (MAP) as a contributing factor to knee OA.

3.1 Medial abrasion phenomenon as a cause of knee osteoarthritis

Knee osteoarthritis (OA) poses a significant challenge in the medical field, prompt-
ing extensive research to understand its complex mechanisms and potential causes.
One prevailing factor under scrutiny is the medial abrasion phenomenon (MAP),
speculated to play a crucial role in the pathogenesis and progression of knee OA.

In knees with medial plica and MAP, the repetitive abrasion and impingement
between the medial plica and medial femoral condyle result in both physical and
chemical damages to adjacent cartilage and the plica itself. Studies have unveiled
that most patients with chronic knee pain harbor signs of medial plica, often lead-
ing to knee OA diagnoses [15]. Subtle cartilage lesions, known as “hidden lesions,”
often remain unseen during routine examinations but become apparent post-medial
release. These findings underscore the interplay between medial plica and knee
degeneration [16].

Notable experimental studies on the tensile strength and histomorphology of the
medial plica have provided valuable insights. Investigations into Young’s modulus of

25



Osteotomy Essentials — From Basic Techniques to Advanced Practices

the plica and topographic changes during knee motion offer a deeper understanding
of cartilage stresses and lesions in OA knees. Finite element models have bolstered
these findings, showcasing the damaging effects of advanced medial plica on chon-
drocytes and cartilage [17-19]. Histological analyses further underline the relation-
ship between medial plica and cartilage degradation, reinforcing the critical role of
MAP in knee OA development [20].

Examinations into the expression of matrix metalloproteinases (MMPs), interleu-
kins, and tumor necrosis factors in the plica and accompanying tissues elucidate the
biochemical underpinnings of knee OA pathogenesis. Elevated levels of cytokines and
extracellular matrix degradation enzymes in the plicae of OA knees underscore their

Medial Abrasion Phenomenon
» Lifelong interplay between medial plica and medial femoral condyle
- Average 1,000,000 times/year
+ Cause damage to the cartilage on the medial femoral condyle
» Clinical manifestation: medial abrasion syndrome

Physical Abrasion

Chemical Erosion

5. ENZYMES (MM

Young’s Modulus (Stiffness) of Medial Plica Increased by:
« Repeated abrasion phenomenon
« Impingement by activities or injury
+ Multiple intra-articular injections
« Previous surgery

Figure 1.
Medial abrasion phenomenon as a cause of knee osteoarthritis.
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contributory role in cartilage breakdown and pathology progression, highlighting the
significance of MAP in these processes [21, 22].

The comprehensive synthesis of clinical observations, experimental data, and
biochemical profiling underscores the intricate relationship between MAP and knee
OA (Figure 1) [23]. These insights shed light on the multifaceted mechanisms of OA
development and progression, emphasizing the need for targeted therapeutic inter-
ventions addressing MAP-induced pathology. Personalized treatment strategies and
disease management are warranted to alleviate the burden of knee OA and enhance
patient outcomes.

3.2 The conceptualization of Knee Health Promotion Option

The integrated treatment protocol for knee osteoarthritis (OA), illustrated in
Figure 2, has been designated as the “Knee Health Promotion Option (KHPO).” This

Diagnesis and Staging

\ \
1 1 ‘ ‘

Dafarmity = 7 Degrees ‘

Smart Knae Care 1 l
1
MNa
Improvemesnt e Mo —> ‘One Compartment
Impravemant

| ! } |

Yes ACRFP J
| |

| |

HTQ + ACRFP Total Knee Arthroplasty
Smart Knee Care — Improved or +
UKA + Removal of MAP Removal of MAP

Figure 2.

Protocol of Knee Health Promotion Option for knee OA. ACRFP: arthroscopic cartilage regenevation facilitating
procedure; HTO: high tibial osteotomy; UKA: unicompartmental knee arthroplasty; MAP: medial abrasion
phenomenon.

Stage Roentgenographic findings Clinical findings

Joint space narrowing Osteophyte Deformity Stability
I Doubtful No Normal Stable
I Definite, less than 1/2 Doubtful <5° Stable
111 Marked, more than 1/2 Definite > 5° Stable
v Complete obliterated Marked > 5° Stable
\Y% Complete obliterated Marked >5° Unstable

Table 1.

Clinical staging for OA of individual compartments based on roentgenographic and clinical findings.
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protocol is applied in the management of OA knees, incorporating the insights from
our research on the medial abrasion phenomenon (MAP) as a contributing factor to
knee OA [24].

In the KHPO protocol, the initial step involved determining the clinical stage
for each compartment of the knee through roentgenographic examination, which
included standing anteroposterior, lateral, and Merchant’s views. The assessment
focused on parameters such as the degree of joint space narrowing, the presence of
osteophytes, and the alignment measured by the femorotibial angle, as outlined in
Table 1. The most advanced stage identified among the three compartments was
considered the diagnosed stage of osteoarthritis for the entire knee.

Upon determining the clinical stage of the knee, the appropriate treatment option
can be selected based on the guidelines provided in Table 2. For patients in stages I-1I,
Smart Knee Care (SKC) is the preferred choice. Stage III patients are best suited for
Arthroscopic Cartilage Regeneration Facilitating Procedure (ACRFP). In the case of
stage IV patients, while arthroplasty is typically recommended, ACRFP remains a
valuable option depending on the patient’s biopsychosocial circumstances and prefer-
ences. Unicompartmental Knee Arthroplasty (UKA) is recommended as the primary
choice for stage IV or V OA affecting a single compartment. Total Knee Arthroplasty
(TKA) is advised for stage IV or V OA involving multiple compartments. In some

Stage SKC ACRFP HTO UKA TKA
I e+t — — — —

I +H++ +++ — _ _
111 +H+ +H++ + ++ —
v 44 +4 + +444 +44
\% +H+ — — +H+ 4+

SKC: smart knee care; ACRFP: arthroscopic cartilage regeneration facilitating procedure; HTO: high tibial osteotomy;
UKA: unicompartmental knee arthroplasty; TKA: total knee arthroplasty.

Table 2.
Treatment guidelines for knee OA.

A

Figure 3.

An illustration of the effects of SKC on halting knee cartilage degeneration and promoting its regeneration. (A)
Anteroposterior standing view of a 65-year-old female patient diagnosed with stage I1I osteoarthritis in the medial
compartment of both knees, for which SKC was recommended and performed; and (B) one year later, significant
radiographic improvements were observed in both knees.
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Figure 4.

Another illustration of the impact of SKC on halting knee cartilage degeneration and promoting its regeneration.
(A) Anteroposterior standing view of a 61-year-old male patient diagnosed with stage III osteoarthritis in the
medial compartment of both knees, for which SKC was recommended and performed; and (B) one year later,
significant radiographic improvements were noted in both knees.

instances, High Tibial Osteotomy (HTO) may be recommended for younger, active
patients with stage III or IV OA.

Patients are advised to undergo supervised conservative treatment, known as
“Smart Knee Care (SKC)”, for a minimum of 3 months before considering surgery, as
an integral part of the Knee Health Promotion Option (KHPO). The success of SKC
hinges on ensuring that patients and their families grasp the essence of KHPO, with a
specific focus on understanding the role of the medial abrasion phenomenon (MAP)
as a key contributor to knee issues.

Tailored adjustments to daily routines, work tasks, and exercise regimens are per-
sonalized for each patient to mitigate the impact of MAP. Activities or exercises that
entail repetitive or swift knee bending are generally discouraged to prevent exacerbat-
ing MAP. Home-based rehabilitation exercises, incorporating muscle strengthening
and soft tissue stretching around the knee are prescribed. The adherence of patients to
the exercise plan is vigilantly overseen by our case managers and nursing specialists.

Promising outcomes, including evidence of cartilage regeneration post-SKC, are
visually emphasized in Figures 3 and 4, underscoring the beneficial impact of this
tailored care approach on patient recovery and knee health.

In adherence to the KHPO protocol, if Smart Knee Care (SKC) does not yield the
desired results, the next step involves exploring knee preservation options such as
Arthroscopic Cartilage Regeneration Facilitating Procedure (ACRFP), High Tibial
Osteotomy (HTO), and Unicompartmental Knee Arthroplasty (UKA) before consid-
ering Total Knee Arthroplasty (TKA) as a potential treatment.

4. High Tibial Osteotomy under Knee Health Promotion Option

Within the framework of the Knee Health Promotion Option (KHPO), the
combined approach of Arthroscopic Cartilage Regeneration Facilitating Procedure
(ACRFP) and High Tibial Osteotomy (HTO) has the potential to yield favorable long-
term results. This combined strategy aims to address the etiological factors associated
with the medial abrasion phenomenon (MAP) by employing ACRFP, thereby enhanc-
ing the overall effectiveness of HT'O within a comprehensive knee health manage-
ment paradigm.
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4.1 Arthroscopic Cartilage Regeneration Facilitating Procedure

Arthroscopic Cartilage Regeneration Facilitating Procedure (ACRFP) [25, 26],
a minimally invasive arthroscopic procedure, plays a pivotal role in the clinical
effectiveness of the Knee Health Promotion Option (KHPO) protocol. What sets
ACRFP apart from traditional arthroscopic knee OA procedures is its unique ability
to address the root cause of the condition. Unlike mainstream techniques, ACRFP
specifically targets and removes the problematic and abrasive medial plica along
with the consequences of the medial abrasion phenomenon. By eliminating these
factors, ACRFP creates a more conducive environment within the joint, allowing
damaged articular cartilage to regenerate. This distinction is crucial as it addresses
the underlying cause of knee OA, unlike other procedures that often leave this
factor unaddressed, perpetuating the medial abrasion phenomenon (MAP) and
associated knee discomfort. Additionally, the anabolic effects of ACRFP go beyond
physical abrasion damage and chemical erosion of inflammatory tissues. The
procedure also relieves increased static pressure in the patellofemoral joint, a result
of chronic inflammation triggered by MAP. These beneficial effects create optimal
conditions for cartilage regeneration not only in the medial compartment but also
in the lateral and patellofemoral compartments, enhancing the overall success of
the treatment.

In our study involving 369 patients with a total of 634 knees who underwent
ACRFP and were followed up for over 3 years, we observed an impressive overall sat-
isfaction rate of 91.1% among our patients. Notably, there was a discernible reversal of
cartilage degeneration in 80.1% of the entire patient cohort as illustrated in Figure 5.

4.2 Surgical procedure of High Tibial Osteotomy combined with ACRFP

When conducting High Tibial Osteotomy (HTO) within the framework of the
Knee Health Promotion Option (KHPO), whether utilizing traditional methods or

A C

Figure 5.

An example of the effect of ACRFP on halting knee cartilage degeneration and promoting its regeneration. (A)
Anteroposterior standing view of a 69-year-old female patient diagnosed with stage III osteoarthritis in the medial
compartment of her right knee; (B) following one year of conservative treatment, the condition worsened; and
(C) five years after undergoing ACRFE, X-vay images reveal significant improvements in her knee.
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patient-specific instrumentation (PSI), the protocol involves initiating the treatment
pathway with Arthroscopic Cartilage Regeneration Facilitating Procedure (ACRFP).
This step is crucial in addressing the detrimental factors within the joint cavity before
proceeding with the HTO, ensuring a comprehensive approach to optimizing the
outcomes of the surgical intervention.

4.2.1 Arthroscopic cartilage vegenevation facilitating procedure

The arthroscopic procedure commences with examination through the infero-
lateral portal to assess the presence of medial abrasive phenomenon (MAP) related
to the medial plica. Medial release involves removing inflammatory synovium and
the obstructing medial plica in the inferomedial patella region and medial gutter.
Subsequently, the constrained medial facet of the patellofemoral joint is freed by the
precise severing of the medial retinaculum. Verification of the release’s adequacy is
ensured by passing an arthroscope under the patella, confirming increased space,
and visualizing the medial retinaculum. Post-release, the patella shifts laterally.

A sharp dissection aids in the lateral release by percutaneously cutting the lateral
retinaculum with a No. 11 scalpel through the inferolateral portal. Assessment of the
release’s effectiveness is visually confirmed via arthroscopy. Any focal synovitis or
chondral flaps on the cartilage surface are addressed through standard arthroscopic
debridement, without involving bone procedures like drilling or microfracture.
Postoperative care focuses on activating the degenerated cartilage’s innate repair
capabilities, aiming to prevent scar contracture and the recurrence of the medial
abrasion phenomenon during the initial 3 months. Rehabilitation includes gentle
exercises, avoidance of repetitive knee bending, and following strict guidelines on
daily activities and exercises for optimal cartilage regeneration throughout the first
year post-surgery.

4.2.2 High Tibial Osteotomy utilizing traditional methods

The surgical procedure for High Tibial Osteotomy (HTO) utilizing the traditional
open wedge method involves a systematic approach to realign the knee joint and alle-
viate pressure on the damaged or worn-out area. In this method, a surgical incision is
made along the front of the knee to access the tibia bone. The bone is then carefully
cut to create a wedge-shaped opening, enabling the alignment of the leg to be adjusted
as per the preoperative planning. Once the correction is achieved, the gap created
in the tibia bone is typically filled with bone graft material to support the realigned
position. Fixation hardware, such as plates and screws, is used to secure the bone in
its new position, allowing for proper healing and stability. Postoperatively, patients
undergo a structured rehabilitation program to facilitate recovery, regain strength,
and improve the functionality of the knee joint.

4.2.3 High Tibial Osteotomy utilizing patient-specific instrumentation

The surgical procedure for High Tibial Osteotomy (HTO) with Patient-Specific
Instrumentation (PSI) involves comprehensive preoperative planning, utilizing
imaging studies to create a 3D knee model for precise correction assessment. Custom
cutting guides are then designed based on this model to ensure accurate realignment
during the surgery. Under appropriate anesthesia, an incision is made, and with the
assistance of the custom guides, the surgeon performs the osteotomy on the tibia
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bone, shifting weight-bearing forces as planned. Following successful realignment,
fixation devices are used to secure the bone. Postoperatively, the incision is closed,
and patients are provided with care instructions, such as weight-bearing limitations
and physical therapy, for optimal healing and rehabilitation progress. This tailored
approach with PSI enhances surgical precision, alignment, and potential outcomes in
knee osteoarthritis management.

4.2.4 Outcome

In 2013, 521 patients underwent surgical treatments based on the Knee Health
Promotion Option (KHPO) protocol for various stages of knee osteoarthritis (OA),
totaling 872 knees (Table 3). These patients were monitored for over 5 years in an
outcome study. After the final review, a subjective assessment indicated a satisfactory
outcome in 812 knees, representing 93.1% of the cases as per Table 4. Specifically,
within the High Tibial Osteotomy (HTO) group utilizing the traditional open wedge

ACRFP AMR HTO UKA TKA Total

Age (SD)No.  681(95)649 763*(57)16 543*(84)11 721" (78)80 74.0" (6.6) 116 694 (9.3) 872

F/M (Ratio) 491/158 (3.1) 15/1 (15) 5/6 (0.8) 53/27 (2.0) 95/21 (4.5) 659/213 (3.2)

M/L (Ratio)  608/41 (14.8) 16/0 - 11/0 - 80/0 — 104/12 (87)  819/53 (14.9)

*Statistically significant compared to that of the ACRFP group by comparisons for each pair using paired t-test
(p <0.05).

Table 3.
Age, sex, and main involved compartment distribution in different types of surgery.

Operation (N) E G F P Sat. (%)
ACRFP (649) 390 (60.1) 201 (31.0) 28 (4.3) 30 (4.6) 911
AMR (16) 10 (62.5) 6 (375) 0 0 100.0
HTO (11) 9 (81.8) 2(18.2) 0 0 100.0
UKA (80) 74 (92.5) 5(6.3) 0 1(1.2) 98.8
TKA (116) 108 (93.1) 7 (6.0) 0 1(0.9) 99.1
Total (872) 591 (67.8) 221 (25.3) 28 (3.2) 32 (4.0) 931

1 E: excellent; G: good; F: fair; P: poor; Sat.: satisfied = E + G.
* Statistically significant by comparisons for each pair using a paired t-test (p < 0.05).

Table 4.
Comparison of satisfactory rates in different surgical groups.

Evaluation metric Preoperation (SD) Postoperation (SD) p-value
OKS 241(37) 404 (2.5) <0.001
KSS (pain) 57.0 (5.4) 80.3 (4.6) <0.001
KSS (function) 577 (5.9) 80.6 (5.0) <0.001

OKS: oxford knee scove; KSS: knee society score.

Table 5.
Outcome evaluation of HTO using PSI within the KHPO.
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Figure 6.

(A) the preoperative radiograph reveals complete obliteration of the medial compartment; (B) and (C), illustrate
progressive cartilage regeneration and the reopening of the joint space in vadiographs captured at 3 months and

1 year postoperation, respectively.

A

Figure 7.

(A) this arthroscopic image displays complete cartilage loss with bone exposure on both medial femoral condyle
and medial tibial plateau, the ACRFP and HTO were performed; and (B) 1 year latey, during the same operation
when the plate was removed, the second-look arthroscopy reveals substantial cartilage regeneration.

method following the Arthroscopic Cartilage Regeneration Facilitating Procedure
(ACRFP), the satisfaction rate stood at a notable 100%, highlighting the effectiveness
of this combined approach in managing knee OA.

In the period from 2021 to 2022, 14 patients, aged between 48 and 67 with an
average of 58, underwent HTO with Patient-Specific Instrumentation (PSI) following
ACREFP. After a follow-up period of over 2 years, all patients reported satisfaction
with the outcomes of the procedures. Notable enhancements were seen in both the
Oxford Knee Score (OKS) and the Knee Society Score (KSS) across all patients, as
outlined in Table 5. The success of the treatment was further validated through
visible cartilage regeneration observed via radiographic examination (Figure 6) and
second-look arthroscopy (Figure7).
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5. Conclusion

This chapter highlights the crucial role of High Tibial Osteotomy (HTO) as an
effective intervention for knee OA within the KHPO framework. HTO is particularly
beneficial for younger, more active patients and represents a contemporary approach
to managing knee osteoarthritis (OA) by tackling the Medial Abrasion Phenomenon
(MAP), asignificant cause of cartilage degeneration. When combined Arthroscopic
Cartilage Regeneration Facilitating Procedure (ACRFP), this approach has led to
substantial improvements in patient-reported outcomes and overall satisfaction,
underscoring the need to address the underlying factors of knee OA to enhance
functionality and quality of life. Although there are promising advancements,
challenges remain regarding the long-term success of HTO and the risk of conver-
sion to total knee arthroplasty, calling for further research into its biomechanics,
patient outcomes, and conservative management strategies. Ultimately, this chapter
advocates for a holistic approach that integrates surgical interventions, innovative
technologies, and personalized rehabilitation programs to optimize knee health. By
recognizing and addressing factors like MAP, healthcare providers can better manage
knee osteoarthritis, improve recovery trajectories, and enhance the quality of life
for those affected by this prevalent condition. Through a sustained commitment to
research and patient-centered care, the management of knee OA can become increas-
ingly effective and impactful.
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Chapter 3

Concomitant High Tibial
Osteotomy with Medial Meniscus
Posterior Root Repair in Medial
Knee Joint Osteoarthritis

Kyun-Ho Shin and Seung-Beom Han

Abstract

Medial knee joint osteoarthritis with varus alignment significantly impairs
mobility and quality of life. Combining high tibial osteotomy (HTO) with medial
meniscus posterior root tear (MMPRT) repair offers a comprehensive solution. This
chapter reviews the anatomical, biomechanical, and clinical aspects of MMPRTs and
varus malalignment, discussing diagnostic imaging techniques, treatment options,
and outcomes of HTO and MMPRT repair both individually and in combination.
Detailed surgical techniques for concurrent HTO and MMPRT repair are outlined.
The combination of HTO and MMPRT repair corrects malalignment, restores menis-
cal function, and redistributes joint load, thereby improving meniscal healing and
patient outcomes compared to HTO alone. While short-term benefits are noted, the
long-term benefits on cartilage status and overall outcomes remain to be clarified,
necessitating further research to confirm these advantages and optimize surgical
methods.

Keywords: meniscal root tears, varus knee deformities, high tibial osteotomy, meniscus
repair, osteoarthritis, knee

1. Introduction

Medial meniscal posterior root tears (MMPRTs) can lead to osteoarthritis (OA)
progression, as the loss of meniscal hoop tension results in elevated contact pressure
within the medial compartment [1, 2]. The goal of arthroscopic MMPRT repair is to
restore the hoop tension and prevent further denudation of the medial tibiofemoral
cartilage. Meniscal healing and long-term success following MMPRT repair are
significantly influenced by varus deformity in the lower limbs, a common condition
in medial knee OA [3-7]. Alleviating the medial compartment overload requires not
only MMPRT repair but also correction of the varus deformity for optimal outcomes.

Medial open-wedge high tibial osteotomy (HTO) is a joint preserving surgery used
to treat medial compartment OA associated with varus malalignment. The procedure
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works by redistributing the weight-bearing load away from the medial compartment,
which helps to increase the medial proximal tibial angle and lower the pressure in the
medial compartment [8-10]. While this procedure can help cover damaged articular
cartilage and slow the progression of OA, the fibrous cartilage that forms may not be
as high-quality as the original hyaline cartilage [11-15]. Furthermore, second-look
arthroscopy after HTO alone frequently reveals that MMPRTs have either incom-
pletely healed or show laxity [16-18].

The primary objective of joint preservation surgeries is to delay the necessity of
total knee arthroplasty. Consequently, combining MMPRT repair with HTO may be
an optimal strategy to slow OA progression by restoring medial meniscal hoop ten-
sion and reducing tibiofemoral contact pressure. Despite the absence of randomized
controlled trials or large-scale cohort studies, systematic reviews present conflicting
evidence on whether MMPRT repair by itself or in combination with HTO provides
superior patient outcomes [19, 20]. This chapter comprehensively reviews current
knowledge on concurrent MMPRT repair with high tibial osteotomy, including
cutting-edge techniques and clinical, radiological, and arthroscopic outcomes.

2. Anatomical and biomechanical understanding of MMPRT

The medial meniscus posterior root (MMPR), where the posterior horn of the
medial meniscus attaches to the tibia, acts as a ligament-like structure that secures
the meniscus to the tibia. The shift in structure from the fibrocartilaginous body of the
meniscus to a ligament-like form plays a crucial role in facilitating the effective transfer
of load from the meniscus to the bone [21]. These mechanical properties enable the
MMPR to stabilize the meniscus between the femoral condyle and the tibial plateau,
ensuring efficient load transfer [1]. The MMPR attaches approximately 9.6 mm pos-
terior and 0.7 mm lateral to the apex of the medial tibial eminence, covering an area
of approximately 30.4 mm? [22]. According to Pagnani et al., MMPRTs are the most
common type of meniscal root tears, which typically occur within 1 cm of the root
attachment and can manifest as either radial tears or avulsion injuries [23, 24].

According to the classification system by LaPrade et al., these injuries can be
categorized as follows: (1) type 1, partial stable tear; (2) type 2, complete radial tear;
(3) type 3, bucket-handle tear with meniscus root detachment; (4) type 4, complex
oblique tear extending into the root attachment; and (5) type 5, avulsion fracture of
the root attachment [25]. Types 1, 2, and 4 are associated with both acute and chronic
MMPRTs, while types 3 and 5 are typically seen in acute traumatic injuries, helping to
predict the tear’s chronicity. Among these, type 2 is the most common [25, 26].

3. Epidemiology and clinical presentation

By disrupting the meniscal hoop structure, MMPRTs greatly elevate the likelihood
of developing knee osteoarthritis, representing 10-21% of all meniscus injuries [19,
27-30]. These tears can arise from either degenerative changes or acute traumatic
incidents [31]. Degenerative MMPRTS typically develop during routine activities,
such as walking or descending stairs, and often occur without any accompanying
acute injuries to other knee structures [32].

The risk factors for degenerative MMPRT include advanced age, female gender, a
sedentary lifestyle, obesity, and varus knee alignment [27, 32]. An increased medial
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tibial slope also raises the risk for degenerative MMPRT [28]. Degenerative MMPRTSs
occur more frequently than traumatic tears and are more prone to rupture com-
pared to root tears in other areas [31]. The medial meniscus posterior horn bears a
substantial amount of the load applied to the knee joint, including both compressive
and shear forces [33]. Furthermore, the MMPR exhibits the least mobility compared
to other meniscus roots, making it especially susceptible to degenerative tears [34].
According to Park et al., there is a significant relationship between the extent of
MMPR degeneration and the severity of MMPRT. They also observed that degenera-
tion, often marked by fibrocartilage metaplasia or calcification, may precede the
occurrence of MMPRT [35]. MMPRTSs often happen during simple movements like
squatting, standing up from a chair, or climbing stairs [3, 36]. Unlike other types of
meniscus tears, MMPRTs are usually marked by a distinct onset of symptoms, often
described as a painful popping sensation. In fact, about 85-91% of patients are able
to pinpoint the exact moment their symptoms began [5, 37]. Bae et al. reported that
experiencing a single painful popping sensation is a strong clinical indicator for
diagnosing MMPRTSs, with a positive predictive value of 96.5% [38].

The majority of traumatic MMPRTS is typically associated with knee ligament
injuries, especially involving the anterior cruciate ligament [39]. These tears are
especially common in instances of multi-ligament injuries [40-42], and the presence
of varus injury patterns heightens the risk of these tears [41]. The occurrence of trau-
matic MMPRTs in conjunction with knee ligament injuries is reported to be between 3
and 14% [40-42].

During a physical examination, indicators like pain during full flexion, joint line
tenderness, and a positive McMurray test may be assessed; however, none of these
findings are definitive for diagnosing MMPRTSs [36, 43]. The Akmese sign, defined
by severe medial joint line tenderness when the knee is nearly extended and minimal
tenderness during hyperflexion, has been proposed as a novel approach to differenti-
ate MMPRTSs from other medial meniscus injuries. It has shown high levels of sensitiv-
ity and specificity [44].

4. Diagnostic imaging

Magnetic resonance imaging (MRI) remains the most reliable method for
diagnosing MMPRTs, offering excellent sensitivity, specificity, and overall accu-
racy (Figure 1) [45]. T2-weighted sequences are especially effective in detecting
MMPRTs [45]. Key MRI indicators include vertical high-intensity signals at
the MMPR on coronal and axial views, along with the appearance of the “ghost
sign” on sagittal images [46-48]. Medial meniscus extrusion seen on the coronal
plane, which reflects medial displacement of the meniscus in relation to the tibial
plateau, can serve as a predictor of MMPRTSs [49-51]. According to Choi et al.,
an extrusion of more than 3 mm is linked to a higher likelihood of MMPRT occur-
rence [49]. Comprehensive evaluation of these MRI findings allows for accurate
MMPRT diagnosis [46, 48]. Preoperative radiographic evaluation should consist
of weight-bearing anteroposterior, lateral, and skyline views. The Rosenberg view
(a 45-degree flexion, weight-bearing postero-anterior view) is more effective at
detecting joint space narrowing compared to standard weight-bearing AP radio-
graphs [52]. In patients with MMPRTSs, weight-bearing knee radiographs often
reveal reduced medial joint space, likely resulting from osteoarthritis and medial
meniscus subluxation [53-55].
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Figure 1.

Chgamcteristic magnetic resonance imaging findings indicating a medial meniscus posterior voot tear (A) Coronal
image showing a vertical high signal, also known as the truncation or cleft sign (yellow arrow). (B) Coronal
image displaying meniscus extrusion (yellow arrow). (C) Axial image highlighting a vertical high signal (yellow
arrow). (D) Sagittal image demonstrating the loss of a clearly identifiable medial meniscus posterior root,
referred to as the ghost sign (yellow arrow).

Bilateral weight-bearing long leg radiographs (LLR) are widely recognized as
the gold standard for evaluating coronal plane alignment of the lower limbs. To
ensure reliable and accurate measurements, it is important to use standardized
imaging techniques. Detecting deformities such as malrotation or fixed flexion
is essential, as they can greatly affect the accuracy and utility of the LLR [56].
Identifying these problems preoperatively is crucial for minimizing potential
errors. The joint line congruence angle, typically 2° or less, can highlight intra-
articular deformities stemming from medial compartment cartilage damage or
increased lateral soft tissue laxity. Detecting lateral joint space widening before
surgery is vital, as it tends to reduce after osteotomy. Failure to consider this can
result in significant over-correction [57, 58]. When the lateral joint space opening
exceeds 5 mm on a weight-bearing LLR, it signals a significant varus deformity
that should be factored into surgical planning [59]. One simple method to account
for this is by using supine non-weight-bearing long leg radiographs to determine
the correction angle, or by comparing the lateral joint space width between the
affected and contralateral limbs and subtracting this difference from the calculated
opening gap [58].
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5. Treatment options and outcomes

Treatment strategies for MMPRTSs with varus malalignment include non-surgical
management, MMPRT repair alone, HTO alone, or a combination of MMPRT repair
and HTO. While non-operative methods and partial meniscectomy were historically
more prevalent, the emphasis on surgical repair has grown as the biomechanical
significance of the MMPR has become clearer [1, 2, 60, 61]. Patients with varus
alignment exceeding 5° tend to have less favorable outcomes after MMPRT repair [6,
7]. Previous research has shown that individuals with varus alignment greater than
5° fare worse compared to those with less severe varus deformities [7]. A long-term
study following 37 patients who underwent pullout repair found that 8 eventually
progressed to total knee arthroplasty over a period of more than 10 years [6]. These 8
patients who required total knee arthroplasty had greater degrees of varus alignment,
larger affected areas, and greater progression in meniscus extrusion compared to the
others. The researchers proposed that a varus alignment of 5 degrees and a 0.7 mm
increase in meniscus extrusion between preoperative and 1-year postoperative mea-
surements could be used as cutoff values to predict MMPRT repair failure.

Theoretically, HTO can correct the malalignment of the lower limb, thereby
improving stress distribution on the meniscus and accelerating its healing. HTO
corrects the mechanical axis of the lower limb, which improves stress distribution and
supports meniscal healing. This alignment correction is crucial for redistributing load
away from the damaged meniscus, thus facilitating better healing outcomes.

HTO addresses lower limb malalignment by realigning the mechanical axis, which
optimizes stress distribution across the meniscus and promotes its healing. By shifting
the load away from the injured meniscus, HTO plays a pivotal role in enhancing the
meniscal healing process and improving overall outcomes. Proper alignment correction
is key to reducing the strain on the damaged area, allowing for more effective recovery.
While combining MMPRT repair with HTO may enhance healing, research indicates no
significant short-term advantage over HTO alone regarding cartilage health or patient-
reported outcomes. According to studies, all-inside repair methods for MMPRT, along
with medial open-wedge HTO, have shown higher healing rates and cartilage regenera-
tion in the medial condyles. However, improved healing of MMPRTSs did not correlate
with better clinical results, as reflected by Hospital for Special Surgery scores and the
Lysholm score scale [62]. In a similar study, researchers reported higher MMPRT healing
rates but no significant differences were found in radiological and clinical outcomes.
These included medial meniscal extrusion, medial joint space width, Kellgren-Lawrence
grade, hip-knee-ankle angle, weight-bearing line ratio, Knee Society score, and Western
Ontario and McMaster University score [63]. Similarly, other research have observed no
significant clinical advantages of combining MMPRT repairs with HTO, as indicated by
the Lysholm score, Hospital for Special Surgery score, hip-knee-ankle angle, and weight-
bearing line ratio. The primary benefit observed was an increase in meniscal healing
rates [64]. Another study suggests that performing MMPRT repair together with HTO
may improve arthroscopic findings, showing better healing of the MMPR and signs of
cartilage regeneration during second-look procedures [65]. Despite these arthroscopic
improvements, the combined approach does not lead to significant improvements in
clinical or radiologic outcomes in the short term. Evaluated metrics, such as the Lysholm
score, International Knee Documentation Committee subjective score, Tegner activity
scale, and Kellgren-Lawrence grade, showed no notable differences [65]. A previous sys-
tematic review also concluded that concurrent MMPRT repair during HTO has minimal
benefits on clinical, radiological, and arthroscopic outcomes in the short term [19].
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Most second-look arthroscopies show no difference in cartilage recovery between
patients with and without concurrent MMPRT repair. Jing et al. reported complete
coverage of preoperative cartilage defects in the medial femoral condyles on second-
look arthroscopy [62]. Kim et al. reported improved Outerbridge grades of the medial
femoral condyle after HTO with concurrent MMPRT repair [66]. Lee et al. and Ke
et al. reported favorable medial compartment coverage with no significant intergroup
differences assessed by ICRS and Outerbridge grading systems, respectively [64, 65].
Long-term benefits of concurrent MMPRT repair during HTO, particularly in carti-
lage recovery and disease progression, require reassessment in long-term follow-up
studies.

Most second-look arthroscopies reveal no significant difference in cartilage
recovery between patients who underwent concurrent MMPRT repair and those who
did not. One study observed complete coverage of preoperative cartilage defects in
the medial femoral condyles during second-look arthroscopy [62]. Another reported
improvement in the Outerbridge grades of the medial femoral condyle following
HTO combined with MMPRT repair [66]. Further research also indicated favorable
medial compartment coverage, though no significant differences were found between
groups based on ICRS and Outerbridge grading systems [64, 65]. The potential long-
term advantages of performing MMPRT repair alongside HTO, especially regarding
cartilage restoration and slowing disease progression, need further investigation in
long-term follow-up studies.

6. Surgical techniques

For patients diagnosed with MMPRTs and varus malalignment, surgical
repair is essential to avoid meniscectomy. The criteria for concurrent surgical
repair of MMPRTs and HTO include patients typically under the age of 70 years,
radiographic osteoarthritis grade < 3 according to the Kellgren-Lawrence grading
system, pathologic varus alignment of the lower extremity (hip-knee-ankle angle
>5°), and willingness to adhere to a strict postoperative rehabilitation program.

If these criteria are not met, non-operative treatment should be considered based
on the patient’s knee pathology, characteristics, comorbidities, and treatment
preferences.

The repair methods for MMPRTs include suture anchor repair and transtibial
pull-out repair. Suture anchor repair involves placing a suture anchor on the MMPRT
region above the posterior tibial plateau [3, 67-70]. It reduces risks associated with
long meniscus-suture constructs, such as the bungee effect, micromotion, and suture
material abrasion [71, 72]. This method is technically demanding and requires a high
posteromedial working portal and specialized instruments [73].

In transtibial pull-out repair, suture strands are stitched on the torn edge of the
MMPRT and pulled through a transosseous tunnel from the MMPRT footprint to the
tibia’s outer cortex, with fixation above the anterior tibial cortex. This method may
face issues like micromotion and suture abrasion, but it is widely used [71, 72, 74].
Studies indicate no significant differences in outcomes between suture anchor and
transtibial pull-out repairs [3].

Proper handling of the medial collateral ligament (MCL) is crucial to prevent
insufficiency. Two approaches are commonly used: MCL transection or subperiosteal
elevation during HTO and MCL pie crusting at the joint line during MMPRT repair.
Performing MCL release twice can lead to MCL insufficiency and valgus instability,
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complicating future revision of total knee arthroplasty. Therefore, MCL handling
should be done only once, typically during the HTO approach. The medial approach
for proximal tibia is performed first, followed by arthroscopic procedures for MMPRT
repair with a widened medial joint space.

To avoid interference between locking screws of the HTO plate and tibial bone
tunnels required for MMPRT repair, suture anchor repair is preferred. Although
technically demanding, it prevents conflicts between locking screws and tibial bone
tunnels. If bone quality is low, suture anchor repair is abandoned in favor of transos-
seous repair via a tibial bone tunnel. Avoiding the anteromedial tibial cortex position
is crucial to prevent interference with locking screws [75]. For the posteromedial
tibial cortex position, anterior placement of the locking plate can help avoid inter-
ference. When positioning the tibial tunnel in the anterolateral cortex, attention is
needed to avoid interference with most proximal screws.

The detailed surgical steps are as follows: First, a diagnostic arthros-
copy is performed via the parapatellar high anterolateral portal to evaluate

Figure 2.

Arthroscopic suture anchor repair of a medial meniscus posterior root tear (MMPRT) (A, B, C) The MMPRT

is confirmed, the anatomical footprint of the medial meniscus posterior oot is identified, and the bone bed is
decorticated (view from the high anterolateral portal). (D, E, F) A curved anchor guide is introduced through the
high posteromedial portal, ensuring the trajectory is perpendicular to the tibial plateau, and the anchor is inserted
(view from the anterolateral portal). (G, H, I) The sutures are passed through the medial meniscus using shuttle
relays and tied to form modified Mason-Allen stitches (view from the anterolateral portal).
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accompanying lesions. The frayed portion of the MMPRT’s torn edge is gently
debrided using an arthroscopic shaver to prepare for the subsequent repair
(Figure 2A). Next, the decortication of the MMPR footprint is performed.
The MMPR footprint is identified through the anterolateral portal, and an
arthroscopic rasp or curette is used to decorticate the bone bed, promoting
meniscus-to-bone healing (Figure 2B).

Following this, anchor insertion is carried out. Following this, the anchor is
inserted. A high posteromedial portal is created, through which the anchor guide
is inserted to confirm the proper insertion trajectory (Figure 2C and D). Using a
crescent-shaped suture hook or an antegrade suture passer through the anteromedial
or accessory medial working portal, the surgeon sutures approximately 3-5 mm
medial to the torn edge of the MMPR (Figure 2E and F). These sutures are then tied
to complete the MMPRT repair (Figure 2G and H).

In cases where bone marrow density and quality are low, suture anchor repair
is not feasible. Instead, transosseous repair via a tibial bone tunnel is selected.
This approach requires careful planning to avoid interference with locking screws.
The anteromedial tibial cortex position is avoided to prevent inevitable conflicts
with the screws. If the tibial tunnel is created in the posteromedial position,
interference with proximal-posterior screw must be managed, potentially using
an anterior placement of the locking plate. When positioning the tibial tun-
nel in the anterolateral cortex, attention is needed to avoid interference with
proximal screws. The guide wire is drilled from the anterolateral proximal tibia
to the posterior MMPR footprint using a low-profile aiming device. After drill-
ing to the subchondral bone meniscus footprint, over-reaming is performed
with round curettage to protect the cartilage during joint penetration. During
the osteotomy, suture protection is crucial. All suture strands are reinserted into
the drill bit and pulled into the tibial tunnel [76]. Arthroscopy confirms the
drill bit’s position beneath the meniscus root, protecting the sutures from being
damaged by the sawing bone at the osteotomy site. Final suture tightening and
securing are performed after HTO and plate fixation. Sutures are then secured
to the anterolateral tibial cortex using suspensory fixation. This comprehensive
approach ensures proper alignment correction, meniscal repair, and joint load
redistribution, leading to improved clinical outcomes and delayed progression of
osteoarthritis.

7. Summary

Combining HTO with MMPRT repair provides an effective treatment for medial
knee joint osteoarthritis with varus alignment. This dual procedure corrects lower
limb alignment, restores meniscal hoop tension, and redistributes knee joint load,
thereby reducing pain, improving function, and delaying osteoarthritis progression.
While studies indicate enhanced meniscal healing and patient outcomes with the
combined approach, further long-term research is required to fully understand the
benefits and optimize surgical techniques.
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Chapter 4

Optimal Corrective Angle in Recent
High Tibial Osteotomies

Masataka Deie and Yuki Yamanashi

Abstract

High tibial osteotomy (HTO) is a traditional surgical procedure for medial-type
osteoarthritis of the knee. Recently, the procedure has evolved into a type of
knee-preserving surgery. Minor correction HTO aims for a tibial correction angle of
<15 degrees, a femorotibial angle (FTA) of 171 degrees, a medial tibial plateau angle
of <90 degrees, and a % medial axis (%MA) of 55%. We have achieved good short-
term clinical results by preserving as much cartilage and meniscus as possible. These
results show high patient satisfaction and good clinical outcomes. We propose a new
HTO concept that combines minor correction with joint preservation to maintain
good gait and quality of life (QOL), rather than solely focusing on pain relief through
lower limb alignment correction. In Japan, where people are living longer, we suggest
this new HTO concept for patients aged 50-60 years with osteoarthritis, followed by
conversion to primary total knee arthroplasty (TKA) around age 80.

Keywords: %mechanical axis, minor correction, Fujisawa’s point, meniscus treatment,
cartilage treatment

1. Introduction

Knee osteoarthritis (KOA) is characterized by a progressive loss of articular
cartilage accompanied by new bone formation and often synovial proliferation, which
may culminate in pain, loss of joint function, and disability [1]. Symptomatic KOA is
characterized by radiographic evidence along with persistent joint pain or stiffness.
The most common pattern of symptomatic KOA is articular cartilage degeneration
predominantly in the medial compartment [2]. Therefore, high tibial osteotomy
(HTO) has been the traditional treatment for this condition.

Recent advances in medical technology are changing the concept of surgery
itself, as well as the surgical methods and postoperative treatment of HTO surgery.
The key to conventional HTO is the transfer of the medial load in the coronal plane
to the lateral load, where the articular cartilage is relatively normal [3, 4]. However,
recent arthroscopic procedures have improved the postoperative results of partial
meniscectomy and suture, as well as cartilage repair, making it possible to repair
damaged medial load-bearing tissues of the knee joint, and postoperative rehabilita-
tion has also shortened [5, 6].

Furthermore, improvements in artificial knee joint implants, the introduction of
robotic surgery, have improved the postoperative results of TKA [7]. These advances
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mean that HTO surgery no longer needs to correct a valgus knee, force an abnormal gait,
and aim to end a lifetime with a single osteotomy. Therefore, we hypothesize that a com-
bination of open wedge high tibial osteotomy (OWHTO) and intra-articular procedures
that correct to near-normal alignment will result in less pain and a functional knee joint.

Our OWHTO [8, 9] aims to repair as much intra-articular tissue as possible in
patients aged 30 to 65 with medial-type osteoarthritis of the knee. We strive to correct
the alignment to near-normal lower extremity alignment, facilitating easier future
conversion to TKA.

The surgical concept for our OWHTO is to perform intra-articular procedures
whenever possible, i.e., to induce repair of the injured tissue and to remove pain
factors. Correction of coronal alignment should be planned preoperatively to achieve
FTA of 171 degrees, medial angle tibial plateau (MPTA) of less than 90 degrees, and
%medial axis (%MA) of 55%.

If the correcting angle is more than 15 degrees, double-level osteotomy or other
methods should be considered. If the MPTA is greater than 90 degrees, double-level
osteotomy or other methods should be considered.

Based on the above concept, the purpose of this article is to review cases in which
OWHTO Japanese patients were performed and more than 2 years had passed since
the surgery.

This study was approved by the Ethics Review Committee of Aichi Medical
University in Japan.

2. Materials and methods
2.1 Patients and evaluations

From April 2018 to March 2022, 75 patients underwent knee osteotomy. We
included 63 OWHTO cases, excluding those with double-level osteotomy, anterior
cruciate ligament reconstruction, and closed wedge HT'O. Seventy-two patients
(97%) underwent a second look and plate removal one year after surgery, and 55
patients (87%) were followed up for more than two years.

We recorded patients’ characteristics, including age at surgery, sex, body mass
index (BMI), Japanese Orthopedic Association (JOA) score, knee injury and
osteoarthritis outcome score (KOOS), and any concomitant meniscus or cartilage
surgery (meniscectomy, repair, abrasion, drilling, microfracture, and mosaic-
plasty). Within one month before HTO surgery, patients were examined for range
of motion (ROM), visual analog scale (VAS), and functional tests such as the 10 m
walk and timed up and go (TUG). Radiographic data, including preoperative KL
grades, pre- and postoperative FTA, mechanical axis (as percentages of the medial
axis, %MA), and medial proximal tibial angle (MPTA), were reviewed on antero-
posterior long leg double standing radiographs. One year after surgery, functional
tests such as the 10 m walk and TUG were recorded. Patients also underwent a
second look arthroscopy and plate removal at the tibia, during which intraarticular
evaluations were performed.

2.2 Surgical procedure and rehabilitation

Two surgeons performed all surgeries under general or lumbar anesthesia.
Initially, arthroscopy was conducted to confirm the following:
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1.The ACL was functional.
2. The lateral articular cartilage was relatively well maintained (Grade 2 or less of ICRS).

3. The lateral meniscus was normal or had been repaired using the all-inside
technique.

4. Patellofemoral joint debridement was indicated for injuries up to Grade 3 of the
ICRS.

For the medial tibiofemoral joint, the following treatments were performed:

1. For the medial meniscus, radial tears were repaired, but partial resection was
performed for degenerative flap or horizontal tears.

2.For tibial cartilage injuries, drilling and abrasion arthroplasty were performed.

3.For the medial femoral condyle, debridement and bone marrow stimulation
were performed. Osteochondral grafting was done for osteochondral defects.
Intraoperatively, the surgeon attempted to eliminate as much as possible the
source of the medial joint pain.

2.2.1Tibial osteotomy
2.2.1.1 Incision and initial steps

A transverse incision of approximately 5-7 cm was made in the medial part of
the tibia, slightly proximal to the pes anserinus, avoiding subcutaneous tissue and
the saphenous nerve. The pes anserinus, including hamstring tendons, was detached
from the insertion, and the semitendinosus and gracilis tendons were sutured with
threads for marking.

2.2.1.2 Ligament and posterior tibia release

The superficial to deep layers of the medial collateral ligament (MCL) were
released from the joint line under the periosteum along the medial side of the patel-
lar tendon. The deeper layers are detached until joint fluid leakage was confirmed,
resulting in partial detachment of the capsule. The tibial attachment of the MCL was
preserved. The posterior aspect of the tibia was released under the periosteum as
much as possible to allow insertion of the retractor toward the posterior aspect of the
tibia, without releasing the MCL attachment.

2.2.1.3 Osteotomy procedure

Following the Olympus HTO guide system (Olympus Terumo Biomaterials Corp.,
Tokyo, Japan), the osteotomy entry point was approximately 4 cm distal to the
medial joint crease. A 2.4 mm K-wire was inserted from the anteromedial portion
of the tibial tuberosity toward the lateral aspect of the tibia, targeting the fibular
head. Fluoroscopy confirmed that the K-wire was inserted approximately 1 cm in
front of the lateral border of the tibia. Another K-wire was inserted parallel to the
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first, approximately 2 cm posterior to the tibia. For the anterior tibia cut, an acceding
cut was made at the tibial tuberosity with a thickness 5-7 mm, and a medial open
osteotomy was performed. The medial tibia was opened with a spreader, and optimal
alignment was checked with fluoroscopy. After confirming the optimal corrective
angle, a wedge-shaped hydroxyapatite artificial bone (Neobone; AI medic, Tokyo
Japan) was placed into the open gap, depending on size. The detached semitendino-
sus and gracilis tendons were then reattached. Plate fixation (Tris plate; Olympus
Terumo, Biomaterials Corp., Tokyo, Japan) was used to fix the tibia.

2.2.2 Postoperative vehabilitation

The knee was immobilized with the knee brace in the extended position, and
muscle strength training was started the next day. From 1 week postoperatively, joint
range of motion training and crutch walking training were performed. The patient
was allowed to walk with full weight bearing at 4-6 weeks postoperatively and engage
in light exercise at 3-4 months postoperatively. At 5-6 months postoperatively, activi-
ties such as golf, jogging, and other physical activities were permitted.

3. Statistical analysis

Preoperative and postoperative data were analyzed using a paired t-test, with a
p-value of 0.05 or less considered significant.

4, Results

All patients were diagnosed with medial-type osteoarthritis of the knee.

There were 46 male and 22 female patients. Their age was from 45 to 71 years
(mean 61.1 £ 5.5 years). Patients’ BMI at surgery ranged from 22.3 to 34.2 (mean
26.8 + 3.4). The KL classification of the medial knee joint was grade I in 4 patients,
grade 2 in 28, grade 3 in 30, and grade 4 in 6. The corrected angles were from 6 to 15
degrees (average 11.7 + 2.0 degrees) (Table1).

4.1 Arthroscopic surgery
Arthroscopic procedures performed at the time of initial surgery included partial

resection of the medial meniscus in 45 of the 68 patients and suturing in 4 cases. Four
sutures were performed for lateral meniscus injuries. For medial femoral condylar

Sex: Man/female 46/22

Age 45-71 years (average 61.1 + 5.5 years old)

BMI at the surgery 22.3-34.2 (average 26.8 + 3.4)

OA grade I/II/III/IV 4/28/30/6

Correcting angle 6 to 15 degrees. (average 11.7 + 2.0 degrees)
Table 1.

Patients profile at HTO surgery.
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cartilage injuries, osteochondral grafting was performed in 3 cases, and drilling was
performed in 20 cases for medial femoral condylar cartilage injuries and in 15 cases
for tibial cartilage injuries.

4.2 Clinical evaluations

Preoperative joint ROM was —3.3 + 10.7 degrees at knee extension and 134.2 + 21.8
degrees at knee flexion. At final follow-up, ROM was-5.3 + 6.7 degrees at knee exten-
sion and 138.0 + 10.6 degrees at knee flexion. There were no significant differences in
ROM between before and after surgery.

Vas score decreased from 52.1 + 29.1 mm preoperatively to 14.6 + 16.8 mm postop-
eratively. Motor function tests showed significant improvement: the 10 m gait from
7.2 £ 2.9 seconds preoperatively to 6.0 + 1.7 seconds postoperatively, and in the TUG
test from 8.4 + 3.3 seconds preoperatively to 7.2 + 2.7 postoperatively. Postoperative VAS
and motor function tests were significantly improved compared to preoperative values.

The JOA score improved from 71.8 + 13.1 preoperatively to 88.0 + 10.1 postop-
eratively. KOOS scores improved from 59.4 + 17.0 preoperatively to 83.3 + 11.2 post-
operatively in Total, from 62.9 + 18.0 preoperatively to 81.3 + 13.2 postoperatively in
Symptom, from 57.8 + 18.0 preoperatively to 82.9 + 14.3 postoperatively in Pain, from
71.7 + 16.7 preoperatively to 90.8 + 8.5 postoperatively in ADL, and from 59.4 + 17.0
preoperatively to 83.3 + 11.2 postoperatively in Sport. The ADL improved from
71.7 + 16.7 preoperatively to 90.8 + 8.5 postoperatively, the Sport from 40.1 + 23.0
preoperatively to 69.1 + 22.1 postoperatively, and the QOL from 38.0 + 21.1 preopera-
tively to 70.9 + 17.7 postoperatively (Table 2). Postoperative JOA and KOOS scores
were statistically significantly improved compared to preoperative values.

4.3 X-ray evaluations

X-ray evaluation at the final follow-up showed that the FTA was corrected from
176 to 188 degrees (average 179.8 degrees +3.1 degrees) preoperatively to 168 to 180
degrees (average 173.6 + 3.3 degrees) postoperatively. The %MA shifted from —20
to 43.4% (average 21.5% + 11.3%) preoperatively to 33 to 66% (average 51.4 + 9.7%)
postoperatively. Additionally, MTPA was corrected from 78 to 89 degrees (average

Preoperative score Postoperative score P Value
JOA 71.8 +131 88.0 +10.1 <0.01
KOOS Total 594 +17.0 83.3+11.2 <0.01
symptom 6291+ 18.0 813132 <0.01
pain 578 +18.0 829+143 <0.01
ADL 717 +16.7 90.9+10.2 <0.01
sports 40.1+£23.0 691+ 221 <0.01
QOL 38.0 +21.1 71.0 + 177 <0.01

Date are presented as mean + SD.
JOA: Japanese orthopedic association, KOOS: knee injury and osteoarthritis outcome score.
Achieved statistical significance.

Table 2.
Clinical outcomes.
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Pre operation Post operation PValue
ROM
Extension (°) -33+10.7 -53+67 0.20
Flexion (°) 1342218 138.0 £ 10.6 043
VAS (mm) 521+291 14.6 +16.8 <0.01
10 m gait (second) 7229 6.0+17 <0.01
TUG (second) 8433 7227 <0.01
Radiological data
FTA (°) 179.8 + 31 1736+ 33 <0.01
%MA (%) 21.5+113 514+97 <0.01
MTPA (°) 83223 89.3+27 <0.01

Date are presented as mean + SD.

ROM: range of motion, VAS: visual analogue scale, TUG: time up and go test, FTA: femorotibial angle, MA:
mechanical axis.

‘Achieved statistical significance.

Table 3.
Subject chavacteristics.

83.2 £ 2.3 degrees) preoperatively to 87.9 to 90.5 degrees (average 89.3 + 2.7 degrees)
postoperatively. These data showed significant differences between preoperative and
postoperative values (Table 3).

4.4 Arthroscopic evaluations

At the second look evaluation during plate removal one year postoperatively, all 4
knees that underwent medial meniscus suturing were healed. Three of the 45 knees
that underwent partial resection required additional resection. One of the 4 knees
with lateral meniscus sutures had suture failure, necessitating additional partial resec-
tion, while the other 3 knees were healed. For cartilage injuries, no additional proce-
dures were performed. The articular cartilage at each site was evaluated as follows.

4.4.1 IKDC cartilage evaluation

* Medial femoral condyle: 3.2 + 0.09 at 1st surgery to 2.9 + 0.9 at 2nd look

Medial tibial plateau: 3.2 + 0.8 at 1st surgery to 2.9 + 0.9 at 2nd look

* Lateral femoral condyle: 0.9 + 0.6 at 1st surgery to 1.1 + 0.6 at 2nd look
* Lateral tibial plateau: 1.4 + 0.7 at 1st surgery to 1.6 + 0.7 at 2nd look

* Femoral groove: 2.2 + 0.9 at 1st surgery to 2.3 + 0.8 at 2nd look

* Patella cartilage: 1.4 + 0.7 at 1st surgery to 1.6 + 0.8 at 2nd look

None of these differences were significant.

Among the patients in this study, one knee required conversion to TKA at 3 years
postoperatively.
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5. Representative case

A 64- year- old male with a JOA score of 65 points presented with his right knee
pain. His chief complaint was right pain, and he wanted to play tennis and golf. He
had been treated with conservative therapies for six months. ROM was —5 to 125
degrees with terminal pain.

KOOS scores were as follows: Symptom 57.1, Pain 30.6, ADL 97.1, Sports 70.0, QOL
62.5, and Total 70.8.

X-rays showed FTA of 180 degrees, MTPA of 85 degrees, and %MA of 45%
(Figure1).

These x-rays showed narrowing of the medial joint space and medial osteopathic
changes.

Figure 1.
Preoperative x-rays, (A): Anteroposterior view, (B): Lateral view, and (C): Standing both legs view. The red line
indicated the mechanical axis.

Figure 2.

Arthroscopic views at initial surgery, (A): ICRS grade 4 damage to the medial femoral condyle and medial tibial
articular cartilage, and degenerative tear in medial meniscus, and (B): abrasion and drilling were performed,
and meniscal sutures and wrapped fibrin clots [10] were added to the remaining portion of the medial meniscus.
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Arthroscopic and HTO surgery were performed. The tibia correcting angles was
10 degrees. Medial meniscus sutures, abrasion and drilling with 1.5 mm K-wire at the
medial femoral and tibia cartilage lesions (Figure 2).

At 7 months post-surgery, he returned to playing golf. At 1 year after HTO, ROM
was —3 to 135. The JOA score was 85, KOOS score were as follows: Symptom 64.3, Pain
63.9, ADL 98.5, Sports 75, QOL 43.8, Total 76,2. X-ray showed FTA of 173 degrees,
MTPA of 90, and %MA of 52% (Figure 3).

At the second look arthroscopy (Figure 4), the meniscus was repaired, and the
articular surface of the tibiofemoral joint was covered with cartilage-like tissue.

The plate and screws were removed. He has returned society and sport activity
satisfactorily.

Figure 3.

Postoperative X-rays, (A): Anteroposterior view, (B): Lateral view, x-rays in A and B are before the 2nd look,
bone fusion has been achieved, and the joint gap is more open than before surgery, and (C): Standing both legs
view: X-rays after plate removal. The red line indicated the mechanical axis.

Figure 4.
2nd look arthroscopic view.
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6. Discussions

In this study, we have performed OWHTO with a correction of less than 15
degrees, incorporating a firm intra-articular procedure, the FTA of 173 degrees,
MTPA of 89 degrees, and %MA of 53%, following the new concept of HTO. The
results indicate that patients are satisfied both functionally and clinically. Although
long-term results have not yet been studied, we found that the new concept HTO can
achieve satisfactory clinical results if the meniscus and cartilage are treated as much
as possible by arthroscopic surgery in addition to minor correction.

The problems with conventional HTO surgery include a long postoperative
immobilization period, delaying return to society, and overcorrection to prevent
recurrence of varus deformity, sometimes resulting in a cosmetically problematic gait
due to excessive valgus deformity. Additionally, the conventional surgical concept of
HTO focused mainly on eliminating pain by correcting alignment rather than intra-
articular procedures, necessitating a significant change in the axis of loading [2-4].

Under these views, minor correction HTO was not recommended for fear of
recurrence of internal rotation and recurrence of pain. However, our investigation
found that minor correction is sufficient not only to correct the alignment, but also
to achieve satisfactory results with partial meniscectomy, suture, and cartilage repair.
It is well known that pain relief cannot be achieved solely with debridement such as
partial meniscectomy, and the cartilage in the injured area is not fully repaired [11].

The second look findings at 1 year postoperatively revealed that in cases where
the meniscus was repairable, it remained so, and articular cartilage damage had
not progressed. There was no progression of patellofemoral osteoarthritis, a known
problem with OWHTO. These results suggest that these surgical procedures alone
do not provide satisfactory results, but that minor correction HTO in addition to
these intra-articular treatments provides satisfactory surgical outcomes. In the long
term, we are also concerned about the progression of OA, such as recurrence of varus
deformity and pain, but because the correction angle of HTO is small, we believe that
conversion to TKA is relatively easy.

Fujisawa et al. recommended aligning the weight-bearing line of HTO through
the 65-70% coordinate of the width of the tibial plateau, recently refined to 62.5%
(62-66%) [4]. This concept was widely accepted in the era of 60-70 years of life
expectancy. Today, the average life expectancy is over 70 years globally, and in Japan,
it is over 85 years for women and 80 years for men, making the era of a 100-year life
expectancy [12].

However, when TKA is performed on patients with medial OA at the age of
50-60 years who have developed knee joint disorders, there is a risk of revision TKA.
Additionally, if a revision TKA is performed, a decline in joint function is unavoidable.

If patients suffer from knee OA in their 50s, they should undergo HTO to preserve
the joints and exercise with their own joints until the age of 70-80. As OA progresses,
the patient should undergo primary TKA to maintain as much activity as possible
until the end of life. Therefore, we recommend minor correction HTO to enable
smooth conversion from HTO to TKA.

7. Conclusions

The new concept of OWHTO that we have proposed has achieved good postopera-
tive results in the short term. With advances in surgical techniques, implants, and
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rehabilitation, as well as the extension of life expectancy, we recommend the minor
correction OWHTO, which is different from the conventional concept, as an alterna-
tive to knee around surgery.
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Abstract

In recent years, the use of 3D technology in the medical field, especially in ortho-
pedic surgery, has increased considerably. This valuable tool can be used both in
preoperative planning and during the surgical procedure itself. The application of
this technology may be of particular interest in osteotomy surgeries, both to correct
rotational malalignment and to treat degenerative joint diseases. Achieving an ideal
osteosynthesis that fits perfectly after correction of the bone deformity is very dif-
ficult, in spite of the advantage of customized guides. This is due to the deformity of
the bone caused by the fracture callus. The use of technology and 3D printing makes it
possible to plan the surgery with great precision as well as to design and manufacture
personalized surgical material that fits the patient optimally, favoring implantation.

Keywords: 3D printing, 3D technology, derotation osteotomy, malrotation,
osteosynthesis

1. Introduction

Orthopedic surgeons are very familiar with the visualization of clinical images for
diagnostic use, to appreciate the relationships between anatomical structures and to
plan surgical interventions. Images are used to communicate findings to other col-
leagues and to convey details of a surgical technique.

Although 3D printers have been successfully employed in several specialties, such
as plastic surgery, dental and maxillofacial surgery, and urology, their use in orthope-
dic surgery is still in its infancy and little known to many specialists, although it offers
huge advantages and benefits [1].

3D printed models provide us with tangible depth information about the ana-
tomical and pathological conditions of different structures. It has the advantage
of improving the planning of the surgical technique with patient-specific models,
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increasing diagnostic quality, and decreasing exposure time and general anesthesia.
These models also improve communication between medical teams and facilitate
information for the patient as well as for other doctors in training [2-6].

2. From image to 3D model

Making a 3D printed model of an anatomical structure from imaging tests involves
converting data stored in image format to a 3D printing format. The need for a 3D
printed model arises in difficult or complex cases or patients with multiple treatment
variables where a definitive solution is not clear. It is necessary to clearly define what
the purpose of the model is, to decide which structures should be included in the
print if it will be necessary to manipulate and/or cut it easily, and if the model is to be
introduced in the surgical field and therefore sterilized (Figure1).

The imaging study must be tailored to acquire high-quality images of the anatomi-
cal structure to be printed. Computed tomography (CT) is the most commonly used
imaging model, although models can be obtained from magnetic resonance imaging
(MRI), recommended in pediatric patients to avoid radiation. In cases where it is
important to visualize surrounding vascular structures, cartilage or ligaments in
addition to bone, a combined acquisition of CT with the addition of contrast and MRI
sequences could be obtained. CT images are considered to be two and a half dimen-
sional as they show cross-sectional slices with known distances between them. In this
way, these slices can be oriented in space.

Acquired images should have a slice thickness of 1-2 mm in both CT and MRI to
create 3D models, and gaps between slices should be avoided. Adjustments in the
image acquisition should be aimed at decreasing noise to improve the quality of the
final 3D model print. Artifacts in the acquired image datasets will also be represented
in the printed model. This is a frequent problem in calcifications, heterotopic bone or
in the presence of metallic implants. The application of a metallic artifact reduction
algorithm available on some modern CT machines helps to improve the image quality
obtained. Without adequate images of an anatomical structure, it is impossible to
isolate it accurately in order to produce a precisely printed model. Therefore, commu-
nication between surgeons, radiologists, and engineers is key [7].

An important step in creating a 3D model is image segmentation. This refers to
the process of isolating the structure of interest from the other anatomical structures
present and precisely defining the boundaries between the different structures to
create patient-specific models. Segmentation methods are based on pixel density

Figure 1.
Design and 3D printing process. From the images (A) obtained of the patient, a 3D design (B) is genevated and
then printed (C).
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differences in CT or signal intensity in MRI. The segmented anatomy is converted
to a 3D object that represents its geometry with a series of connected polygons. It is
referred to as a 3D mesh because the model is not solid, but has the appearance of a
net or mesh [8, 9]. Several 3D printing models work according to the principles of
either additive or subtractive manufacturing. In the additive manufacturing model,
the material is added line by line until the model is complete. In the subtractive
model, the printer removes the excess material from a compact block.

At the time of printing, there is a wide variety of materials used to make 3D
models, such as printable acrylonitrile butadiene styrene (ABS) polymers, plastics
(polylactic acid (PLA), resins, and nylon) and metals (aluminum, bronze, copper,
gold, and titanium). Apart from the different materials and technologies, 3D print-
ers also differ in resolution. The higher the resolution, the better the quality of the
final product, and this depends on the material dots per inch (dpi) they are able to
work with. There are printers with a minimum of 250 dpi up to a maximum of 1600
dpi [10, 11].

3. Applications in orthopedic surgery

Since its emergence in the 1980s by Chuck Hull, 3D printing has been used in
surgery to make pre-surgical anatomical models, guides for total arthroplasty, guides
for fixation and corrective osteotomies, or implants adapted to the patient.

Anatomical models are commonly used to visualize a complex fracture or defor-
mity, a large bone-invasive injury that may involve important surrounding anatomical
structures, or a congenital defect requiring reconstructive surgery. These models
allow: (1) pre-surgical visualization of the patient’s anatomy, which improves spatial
perception and helps the surgeon to prepare for surgery, (2) Simulate the surgery or
osteotomy as it is a 1:1 scale model improving the efficiency of the surgery, (3) Choose
and pre-mold the fixation/osteosynthesis system, which can save time during surgery
which is beneficial for the patient, (4) Choose a total arthroplasty system prior to
surgery, and (5) Have intraoperative references if the model is made in sterilizable
materials.

3D printing also creates patient-specific instruments and cutting blocks for the
femoral and tibial components, adapting them to the patient’s anatomy according to
preset cutting references [12]. Many manufacturers currently offer these solutions for
total knee, shoulder, and hip arthroplasty [13-15].

When it comes to osteotomies, the guides resulting from a planned surgery may
include a fixation plate that can be prefabricated or customized as an important
part of the surgical guide. There are several ways to achieve a customized fixation
plate. The simplest manner is to have a 3D model of the desired correction result
and to manually design the plate on the model. It is then sterilized and used during
surgery. Another way is the direct 3D printing of a metal part. This technique has
been successfully applied in acetabular osteotomies, tibial osteotomies, distal radial
osteotomies, hip dysplasia corrective osteotomies, and long bone axis corrective
osteotomies [16-24].

Finally, those patients with specific needs, who are out of standard in size or
shape, can get a reconstruction system tailored to their individual needs.

The following details techniques and cases related to the use of personalized 3D
printing for use in osteotomies, as it is one of the most widespread applications that
can help the surgeon the most.
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4. Application of 3D technology in osteotomies to correct rotational
malalignment

As said before, in recent years there has been a significant increase in the use of
3D technology in orthopedic surgery [25]. Currently, surgical interventions to correct
malrotation depend on intraoperative clinical and radiological data, which are col-
lected by an observer. Thus, the current aim is to achieve better accuracy of malalign-
ment correction through the development of new surgical guides.

The use of this tool both for preoperative surgical planning of different situations
(for instance, malrotation of femur and tibia and dealignment in the coronal plane
of these two long bones) and for the surgical procedure itself has been spread out
[25]. Most published articles present innovative techniques in the use of 3D-printed
guides for different types of surgical interventions [26-28]. The implementation of
3D technology has made it possible to develop customized and personalized cutting
guides for specific patients, as well as to manufacture customized titanium osteosyn-
thesis plates to achieve osteotomy stabilization [25]. Thus, depending on the site of
osteotomy, the presence of fracture, the size of the callus or even the preference of the
surgeon, conventional nails, plates, and external fixators or personalized plates can be
used to achieve the fixation while the osteotomy heals.

CT images of the affected limb are treated with 3D reconstruction software,
obtaining a 3D composition of the affected bone. The bone rotational malalignment
is measured by the software according to the natural position using the contralateral
limb as a reference. After correcting the malrotation, the bone models and the surgi-
cal material required for the surgery are designed and printed.

4.1 Primary or constitutional malrotations

A common reason for pain in the hip, knee, and ankle is the constitutional or non-
posttraumatic rotational malalignment of the lower limbs. Knowing the usual signs
and results from an initial examination is the initial step toward a correct diagnosis.
Advanced imaging tests and procedures can help with diagnosis and planning for
surgery. Surgical treatment of these deformities is unusual, but it could help patients
with painful and dysfunctional deformities who have been correctly screened [29].

Pathological rotational abnormalities of the femur and tibia can cause pain and
patellofemoral instability and can lead to other pathologies such as ischiofemoral
impingement (IFI), femoroacetabular impingement (FAI), and joint degeneration
(Figure 2) [29-32].

Clinical evaluation must be meticulous since many benign rotational variations may
be present in children and adults, and it is important to differentiate normal variability
from pathological scenarios. A detailed physical examination is mandatory, starting with
the general appearance (height, posture, and signs of asymmetry of the limb or spine
that may also be present in syndromic conditions) and followed by an assessment of the
rotational profile of both the femur and tibia. Finally, functional assessment of the limb
during gait should be checked for asymmetries and deviations from normal.

As described above, digital analysis and preoperative planning are performed
in those cases that have a symptomatic hip or knee due to the malrotation and have
not a normalized quality of life. After virtual surgical correction, a 3D model recon-
struction from CT images is generated, and an adapted guide to the bone surface is
designed. It helps in performing the osteotomy (Figure 3), achieving the required
rotational correction as described in the later clinical case [27].
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Figure 2.

Constitutional rotational malalignment of the lower extremities. Excessive anteversion of the proximal femur
causes impingement between the ischium and lesser trochanter, and this leads to quadratus femoris muscle
irritation and buttock pain (ischiofemoval impingement) (A). Both excessive antetorsion and retrotorsion can
cause acetabular labral and cartilage injury (B).

Figure 3.
3D printed model of a case of excessive anteversion in a 12-year-old girl.

Once both the result of the correction planning and the design of the guide are
satisfactory, the part is printed on a 3D printer and sterilized for use during surgery.
Intramedullary nailing is usually the first choice for osteotomy fixation (Figure 4),
both in the femur and tibia, aiming for a faster postoperative protocol, although plate
fixation may also be a feasible option. The point of approach is conditioned by the site
where the osteotomy is planned. As we need to expose the cortical bone to fit the guide,
we perform the osteotomy with a conventional orthopedic saw. The detailed surgical
technique is the same as the one detailed in the clinical case of the next section.

4.2 Malrotations resulting from fractures

3D technology can be used to treat some bone deformities resulting from frac-
tures. Femoral diaphyseal fractures are frequent in our practice, with traffic accidents
being the most common cause [1, 2]. The gold standard in the treatment of these
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Figure 4.
Case of A twenty-five-year-old woman with buttock and groin pain due to an antetorsion of 45° degrees (same
case as Figure 2A). A hip arthroscopy and a subtvochanteric osteotomy were performed.

fractures is intramedullary nailing, which offers good results in terms of consolidation
and functional recovery. It is performed percutaneously without the need to open the
fracture focus [3, 4]. Nevertheless, rotational misalignment is a recognized medical
issue after this technique. A rotational difference of more than 15° with respect to the
non-injured side may be associated with functional difficulties. [5, 6].

Malrotation of the femur is determined by calculating the femoral version, which
is established according to the procedure reported by Jeanmart et al. [33]. It defines
the angle between a line traced through the axis of the femoral neck and a line tangent
to the dorsal contours of the femoral condyles [34].

Exceedance on both sides of mean values of the anteversion of the femur ranging
from 10° to 15° may result in pathological conditions [35]. In patients with ischio-
femoral impingement, concomitant femoroacetabular impingement and posterior
extra-articular hip impingement, excessive femoral anteversion can cause anterior
knee pain and instability as well as anterior hip pain and labral tears. It can also lead
to internal rotation during walking, causing difficulties when walking, running, and
playing sports. Conversely, poor femoral anteversion (or femoral retroversion) can
lead to labral and articular cartilage damage of the hip, joint degeneration, and gait
with external rotation [6, 10-13].

When a patient presents a history of femoral diaphyseal, a detailed physical exami-
nation is the first step. It is important to explore hip mobility and compare it with the
contralateral side. A significant difference in internal and external rotation between
healthy and pathological hips should raise suspicion of malrotation. It is also important
to observe the patient’s gait, with the possibility of in-toe or out-toe gait. If malrotation is
suspected, a complete set of X-rays and telemetry should be requested. If any pathologi-
cal finding is presented in these tests, a CT scan must be conducted. The CT scan makes it
possible to assess fracture consolidation and also calculate malrotation of the limb, evalu-
ating the healthy side as a reference. The CT scan can accurately determine the degrees of
malrotation, allowing to design of a specific and personalized surgical guide [26, 27].

4.2.1 Clinical case

The patient was a 40-year-old man with a history of left femur diaphyseal fracture
after a traffic accident 2 years ago. He had previously undergone surgery at another
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orthopedic center and underwent intramedullary nailing with locking screws. Due to
the delay of union, they decided to dynamize fracture focus by removing the nail dis-
tal locking screw, resulting in malrotation of the fracture site. The CT scan performed
showed an external rotation of the distal fragment of 43° concerning the contralateral
femur. A surgical plan was designed for the nail removal and new intramedullary
nailing, calculating the rotation to correct. Personalized guides were designed and 3D
printed for correction.

The osteotomy guides were designed to be tailored to the bone surface of the
femur and to manage the bone fragments rotation (Materialize Magics, Materialize,
Leuven, Belgium) (NX Unigraphics, Siemens, TX, USA). A set of three surgical pieces
was designed, including a first piece for the proximal bone fragment, a second piece
for the distal bone fragment, and a third one acting as a bridge between the first two
pieces to provide the necessary degree of rotation.

A postero-lateral approach was conducted between the lateral intermuscular
septum and the vastus lateralis to reach the diaphysis of the femur. Two monocortical
Kirschner wires and two monocortical screws were used to fix each of the first two
surgical guides to the bone surface. Correct rotational positioning and placement was
ensured by the precise adaptation of the 3D printed guides to the fracture lips and
osteophytes. The osteosynthesis material used in the previous surgery (T2 femoral
nail) was then removed. Femoral osteotomy was performed along the anterior
fracture site, and then, the external femoral rotation was corrected by rotating the
distal femoral fragment. The third 3D printed guide was then used to connect the
other two and provided the correct degree of femoral rotation. The first two guides
were then connected using the third 3D printed guide, achieving the desired degree of
rotation. Lastly, a new T2 femoral nail (Stryker) with proximal and distal locking was
inserted. It was not necessary to remove the guides to place the nail as the screws were
monocortical, maintaining the correction and stability of the osteotomy. When the
nail was in place, the surgical guides were removed, and the final result was assessed
under fluoroscopy (Figure 5).

The patient showed favorable evolution. Serial radiographs were performed to
assess the correct consolidation of the osteotomy. In the sixth month, a control CT
scan was requested, which showed complete consolidation in the preoperatively

Figuress.

Surgical procedure. After exposing the femoral diaphysis, guides are fixed to correctly adapt them to the bone
(A, D), and then the rotation of the distal femoral fragment is performed (B, E.). Once the wires are aligned,
the third 3D- printed guide is used to connect the other two, providing the correct femoral rotation degree (C, F).
Modified from Oraa et al. [27].
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Figure 6.

Imaging study before and after surgery. Televadiographs were taken to assess rotation before (A) and after
osteotomy (B). CT scan indicated whether the alignment of the femur was correct after surgery (C). Modified
from Oraa et al. [27].

planned position, achieving a physiological angle femoral anteversion angle of 10°,
similar to that of the contralateral hip (Figure 6).

5. Application of 3D technology for osteotomies in degenerative knee joint
disease

Osteotomies are a growing alternative in the treatment of knee osteoarthritis in
adult patients with alterations of the biomechanical axes. This technique is intended
to relieve pain, delay knee prosthetic surgery, or prevent early degenerative pathol-
ogy when meniscectomy is performed or when local chondral lesions are present in
a compartment in young people [15, 16]. These treatments are becoming more and
more precise thanks to new technological advances such as customized 3D guides that
shorten surgical times and allow patients to recover quickly [36]. Tibial knee oste-
otomy is used in the management of medial compartment osteoarthritis in patients
with varus malalignment [18, 19]. Effective tibial knee osteotomy begins with proper
patient selection. Although there is never a perfect case, it is preferable that the
patient be relatively young, with unicompartmental chondropathy, without associ-
ated bone pathologies that could complicate the consolidation of the osteotomy, and
that the patient be cooperative and involved in the post-surgical process involved in
this type of intervention.

The physical examination is equally important to assess joint balance, liga-
ment stability, patellofemoral compartment, and axial evaluation and to discard
associated pathologies such as hip pathologies. The planning of the surgery is very
important using weight-bearing X-ray to assess the state of the joint, severity,
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patella height, and patellar tracking and to discard possible degenerative pathol-
ogy. Telemetry allows the measurement of axes and the assessment of the limb

as a whole and ruling out associated biomechanical pathologies. MRI provides
information on the degenerative state of these compartments in terms of cartilage,
meniscus, and ligaments.

Finally, until the advent of 3D CT, planning was carried out in 2D, which did not
provide such precise information and did not allow corrections to be made in the
axial plane. However, 3D CT provides three-dimensional information about the entire
limb, which allows for more precise surgical planning, as well as anticipating possible
unforeseen events. With this type of imaging study, it is also possible to correct pos-
sible errors in X-rays and telemetry. Finally, 3D CT allows the design and printing of
a 3D model of the limb and the customization of the guides with great precision [27].
With better planning, patients will undergo customized surgeries with fewer errors,
shorter surgical times, and better recoveries.

5.1 Clinical case

The patient was a 57-year-old male with a history of internal meniscopathy with
an associated chondral lesion in the internal femoral condyle, which did not respond
to conservative treatment. After a complete imaging study (Figure 7), telemetry
showed an internal biomechanical axis, with a varus axis of 6°. The X-ray images
revealed an impingement of the internal articular compartment, without medial
osteophytes, correct patellar height, no apparent joint degeneration, and adequate
patellar tracking. The MRI showed a complex tear of the internal meniscus with a
chondral lesion of the internal femoral condyle and reactive edema. The information

Figure?7.
Imaging studies. By analyzing the axis with telemetry (A), the state of the joint with X-rays (B), and the knee in
all planes on CT (C), appropriate surgical planning can be performed.
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provided by the pre-surgical CT scan made it possible to study the joint in all its
planes, to assess associated pathologies or possible malrotations of the limb and evalu-
ate the patient’s bone surfaces to design personalized osteotomy guides.

Once the image studies were analyzed, the 3D model of the tibia was made and
the surgery was planned virtually, calculating aspects such as the tibial cut and the
place where to perform the fibula osteotomy. Based on this planning, all the surgical
material necessary for the osteotomy was designed. Subsequently, the anatomical
model, the cutting guides, the osteosynthesis plate, and the final result were 3D
printed (Figure 8).

During the surgery, an arthroscopic examination revealed the absence of
pathology in the external and patellofemoral compartment, which allowed the
osteotomy to proceed. After cleaning the internal compartment, a meniscectomy
was conducted due to the complex meniscal tear, and the spongolisation of the
internal femoral condyle was performed due to the chondral lesion. In a second
step, an anterior lateral approach to the knee was carried out to access the proximal
tibia and fibula. An oblique incision was made in front of the lateral collateral

Figure 8.

Surgical planning. Based on the 3D design, the cutting planes were calculated (A) and the final result was
evaluated (B). Subsequently, both the cutting guides (C) and the osteosynthesis plate (D) were designed, and they
were printed in 3D for their use during the surgery (E-F).
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ligament, and a flap from the extensor and tibialis anterior muscles was detached,
allowing anterior visualization of the tibia and fibula while respecting the lateral
collateral ligament.

Figure 9.

Surgical procedure. After the placement of the cutting guide (A) and its fixation to the bone (B), the tibial cut
was performed (C). Once the bone wedge was removed (D), the osteosynthesis plate was placed (E), and its
positioning was checked by radiological control (F).

Figure 10.
Post-surgical imaging study. Post-surgical anteroposterior (A) and lateral (B) vadiographs showed a good result
of the surgery. Post-surgical telemetry (C) also showed correction of the biomechanical axes.
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The planned fibula osteotomy was then performed according to the pre-surgical
planning. For the tibial osteotomy, the guide designed to adapt to the patient’s bony
anatomy, and its fixation with needles was placed. After radiological examination, the
guide was removed, and the anterior osteotomy of the anterior tibial tuberosity was
performed so as not to influence the patella height, and then, the tibial cut was made.
The bone wedge was then removed, and the anatomical osteosynthesis plate was
placed, also achieved thanks to the 3D design (Figure 9).

X-rays showed that the osteotomy was adequately closed. These guides also facili-
tate the guided placement of an oblique partial thread screw, which allows greater
bone contact and helps to achieve a good consolidation of the osteotomy. Post-surgical
telemetry showed the correction of the biomechanical axes required during planning
(Figure 10).

6. Conclusion

The use of 3D technology in orthopedic surgery includes both the design and
printing of anatomical models and surgical materials. The introduction of this
technology in this field allows the surgeon to plan the surgery with greater precision
as well as to design personalized material suitable for each patient. All this means an

optimization in surgical intervention that has a positive impact on the clinical out-
come of the patient.
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Chapter 6
Infection Control

Munehivo Ogawa and Yasuhito Tanaka

Abstract

Knee osteoarthritis (KOA) is a degenerative disease that often results in joint
deformity and dysfunction. Among treatment options, high tibial osteotomy (HTO),
a joint-sparing surgical technique, effectively treats medial compartment KOA by
redistributing load and improving joint alignment. Despite advancements in surgical
technique and infection prevention, surgical site infection (SSI) remains a significant
complication. This review examines the incidence, risk factors, and management
strategies for SSIs following around-knee osteotomy, particularly HTO. While deep
SSIs are rare, they pose significant risks such as revision surgery, loss of corrected
alignment, and nonunion. Potential risk factors include smoking, diabetes, advanced
age, male sex, and use of artificial bone grafts. First-line management typically
involves debridement, antibiotics, and implant retention, with additional multi-
faceted measures for infection control and bone or soft tissue reconstruction in the
event of severe complications such as osteomyelitis or infected nonunion. Promising
techniques, including negative pressure wound therapy, continuous local antibiotic
perfusion, Masquelet technique, and antibiotic-impregnated calcium phosphate
cement, have shown success in managing post-traumatic osteomyelitis and peripros-
thetic joint infections and may benefit osteotomy-related infection. However, the
rarity and heterogeneity of SSI hinder standardized treatment protocols. Therefore,
large multicenter studies are needed to enhance prevention strategies and improve
patient outcomes.

Keywords: around-knee osteotomy, high tibial osteotomy, surgical site infection,
infection control, infected nonunion

1. Introduction

Knee osteoarthritis (KOA) is a degenerative condition characterized by the dete-
rioration of cartilage in the knee joint, which leads to a reduction in joint function and
is often associated with lower limb deformities [1]. High tibial osteotomy (HTO) is a
widely used knee-joint-preserving surgical procedure for the treatment of KOA. This
procedure improves alignment and redistributes load stresses in patients with unilat-
eral KOA and associated deformities, thereby alleviating symptoms and slowing the
disease progression [2-5]. The surgical technique has evolved from closed-wedge high
tibial osteotomy (CWHTO), which was first described by Coventry in 1965 [6]. Since
then, various techniques have been developed, collectively referred to as around-knee
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Figure 1.
Barrel vault osteotomy and modern MOWHTO with locking plate and artificial bone (p-tricalcium phosphate)
improved osteotomy stability and allowed early weight bearing, contributing to the widespread use of HTO.

osteotomy (AKO) [7-9]. Among these techniques, the development of medial wedge
open-wedge high tibial osteotomy (MOWHTO) utilizing a locking plate improved
osteotomy stability and allowed early weight bearing, which has contributed to the
widespread adoption of this technique (Figure 1) [10, 11]. This innovation has led to
increased demand, particularly in response to an aging population and greater sports
participation [12].

HTO is often recommended for young, active patients with medial compartment
osteoarthritis, as it redistributes load away from the medial compartment by slightly
realigning the mechanical axis toward the lateral compartment [13-17]. Recently,
combining MOWHTO with arthroscopic knee surgery for cartilage and meniscus
repair has gained popularity, as this approach enhances the healing process [18-20].
Although HTO generally produces favorable short- and long-term outcomes [21-23],
complications can occur, such as superficial and deep surgical site infections (SSI),
delayed union, nonunion, hardware failure, hematoma formation, neurovascular
disorder, and hinge fractures. Despite advancements in infection prevention and
surgical techniques, postoperative infection remains a significant complication,
potentially leading to frequent reoperation, loss of correction, and nonunion [13, 24].
While surgical techniques and rehabilitation have advanced, evidence-based treat-
ment strategies for managing infection following AKO remain controversial owing to
the rarity and heterogeneity of such cases, as well as the limited available research on
infection control following osteotomy. This chapter provides a comprehensive over-
view of infection control after osteotomy, with a focus on the incidence, risk factors,
and treatment strategies in this specialized field.

2. Incidence

SSIs following AKO are relatively uncommon but can lead to significant compli-
cations, including repeated surgeries and adverse clinical and radiological results
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[11, 13, 14, 24-26]. Despite several studies on SSIs following osteotomy, comprehen-
sive data remain limited, mostly consisting of small case series from single-center
studies, particularly those focusing on HTO [13, 27, 28]. Furthermore, these studies
often lack clear definitions of infection, and variations in surgical methods, fixa-
tion techniques, study designs, patient demographics, implant types, and other
variables hinder direct comparisons between studies [13, 26, 29]. According to the
Centers for Disease Control and Prevention, superficial SSIs are usually treated with
systemic antibiotics based on visible symptoms such as redness and swelling around
the surgery site. In contrast, deep SSIs present with abscesses, purulent drain-

age, fever, and significantly elevated inflammatory markers and require surgical
intervention [30, 31].

A systematic review by Anagnostakos et al. (2013) reported an incidence of super-
ficial SSIs ranging from 1 to 9%, with deep SSIs occurring between 0.5 and 4.7% [13].
This review analyzed 26 studies involving 2026 patients and 2210 knees undergoing
MOWHTO and CWHTO. Advancements in surgical techniques, particularly the use
of locking plates and allograft bone wedges, have contributed to the widespread use
of MOWHTO. However, factors such as hematomas at the osteotomy site, improper
plate placement in areas with thin subcutaneous tissue, and the creation of dead
spaces exposing the bone marrow have been associated with higher postoperative
infection rates [32, 33]. Recent studies on OWHTO using locking plates have reported
deep infection rates of 2% by Sidhu R et al. [34] and 4.9% by Liu TW et al. [26],
respectively. Given the rarity of infection-related complications after HTO, large-
scale, multicenter studies are essential for better understanding and prevention [13,
14, 27, 35, 36]. A national database study by Kawata et al., involving 12,853 patients,
identified a 1.52% incidence of superficial SSIs and 0.39% incidence of deep SSIs [14].
However, the study’s median follow-up of 34 days (limited to the postoperative hos-
pital stay) suggests these rates may underestimate the actual SSI rates. Nonetheless,
infection was identified as the most frequent early complication after HTO in this
large national study. In a study by Hancock et al., which included 755 patients (822
osteotomies) from a high-volume AKO center with a mean follow-up of 6.3 years,
deep SSI rates were reported to be 1.2% across all knee osteotomies and 1.6% for HTO
alone [37]. Although recent surgical advancements have likely contributed to reduc-
ing infection rates, SSIs remain a significant concern during the early postoperative
phase [14, 27, 37]. As surgical techniques continue to improve and the demand for
osteotomies increases among young, more active patients, understanding the risk
factors for SSIs and implementing effective preventive strategies will be essential for
reducing complications and improving long-term clinical outcomes.

3. Risk factors

Recognizing the factors that increase the likelihood of postsurgical infections in
AKO is crucial for reducing severe complications and improving patient outcomes.
Identifying these risk factors helps prevent infections and make informed decisions
about selecting the appropriate candidates for surgery. Similar to the incidence of
SSI, many studies examining risk factors rely on single-center data with small sample
sizes, which may introduce bias [13]. To achieve more accurate results, large-scale,
multicenter studies are needed to better understand these factors, leading to more
reliable findings. Such studies will also enhance patient education regarding potential
complications and help refine the selection process. A variety of risk factors have been
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identified in previous reports as possible risk factors, including patient-related factors
such as smoking, diabetes, sex, and age, as well as surgical factors such as the use of
artificial bones [14, 26, 27, 29, 37]. These factors are discussed in more detail in the
subsequent section.

3.1 Smoking

Smoking is widely recognized as a significant risk factor for complications fol-
lowing orthopedic procedures, including AKO [11, 13, 38-49]. Patients who smoke
and undergo MOWHTO are at an increased risk of SSI and nonunion due to the
detrimental impact of smoking on the immune system and wound healing. Smoking
suppresses immune functions, including immunoglobulin levels, immune cell
ratios, and phagocyte activity, all of which contribute to the risk of infection [50,

51]. Furthermore, smoking disrupts endothelial function and directly impairs the
healing process via substances such as nicotine, nitric oxide, and carbon monoxide
[14, 50-52]. These substances hinder oxygen distribution to tissues, impair tissue
regeneration, and thus contribute to higher rates of SSI among smokers [53-55].
Although the precise impact of smoking on postoperative infections following HTO
remains unclear, smoking cessation programs have proven to be effective in reducing
complications in orthopedic surgeries. Therefore, patients should be strongly encour-
aged to quit smoking before undergoing elective procedures such as MOWHTO, as
smoking increases the likelihood of osteotomy failure and nonunion [46, 48, 49].
Further research is required to determine the optimal timing and duration of smoking
cessation to mitigate these risks [14].

3.2 Diabetes mellitus

Diabetes is a well-established risk factor for postoperative complications, includ-
ing SSI after AKO [25, 26] and periprosthetic joint infections (PJI) following proce-
dures such as total knee arthroplasty (TKA) [56-61]. Studies have shown that diabetes
increases the risk of infection by impairing immune function, especially leukocyte
activity, which reduces the body’s ability to combat infections [62, 63]. Additionally,
hyperglycemia impairs wound healing by causing microangiopathy, leading to
ischemia, and reducing the effectiveness of antibiotics [64, 65]. Research indicates
that patients with diabetes experience higher rates of deep infections post-surgery,
with those with poor glycemic control at an even greater risk. Effective management
of blood glucose levels during the perioperative period can help reduce the risk of
infection [56, 59, 66]. Furthermore, other factors such as the duration of surgery also
play a role in influencing infection rates [14, 61].

3.3Age

Age significantly influences the risk of SSI after orthopedic procedures, including
AKO [26, 67-69]. For TKA, younger patients show a higher incidence of SSI com-
pared to older patients, possibly due to factors such as higher activity levels or other
reasons that are not fully understood [70-73]. However, younger age is generally con-
sidered a protective factor against infections following surgeries, such as HTO, likely
due to better tissue oxygenation and a higher capacity for tissue recovery and resis-
tance to infection [74-77]. On the other hand, older age is typically associated with
an increased risk of infection after orthopedic surgery. For example, a study by Kaye
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etal. reported a 1.1% annual increase in SSI risk between the ages of 17 and 65 years,
but after the age of 65, the risk appeared to decrease by 1.2% annually [78]. Notably,
the majority of patients undergoing HTO are under 65 years of age, suggesting that
age-related risks may vary depending on the procedure and patient characteristics.

3.4 Sex

Male sex has been identified as a significant risk factor for SSI, including AKO
[14, 79]. Similarly, men face a higher risk of PJIs after total knee and hip arthroplasty
[42, 71, 80, 81] and other orthopedic procedures, such as anterior cruciate ligament
reconstruction [82, 83]. This increased risk is partially attributed to the biological
differences between men and women; for example, men often engage in higher levels
of activity, which may increase their exposure to factors that elevate the likelihood
of infection [79]. Additionally, studies of biological differences suggest that estrogen
plays a positive role in wound healing by regulating genes involved in tissue regenera-
tion and matrix production, whereas androgens may have a negative impact on the
healing process [25].

3.5 Bone graftingin OWHTO

In OWHTO, several options are available for filling the osteotomy gap. These
include natural bone grafts (e.g., iliac crest), artificial bone graft substitutes such
as beta-tricalcium phosphate and hydroxyapatite, or leaving the gap unfilled. Each
approach has its own set of advantages and disadvantages [26]. Bone grafting
promotes bone union and stabilizes the osteotomy gap, particularly in cases where
the gap is large (>10 mm) [84, 85]. However, different types of grafts come with
potential drawbacks. For example, the use of allografts or artificial bone grafts may
increase the risk of complications, such as weak antibacterial properties, biocompat-
ibility, and potential immunological rejection [86]. While autogenous bone grafting
is highly effective, it is associated with certain risks. These include increased surgi-
cal trauma, longer operation times, and donor-site morbidity. Artificial bone graft
substitutes, on the other hand, eliminate these donor-site morbidity and reduce the
risk of disease transmission or immune-related complications [87]. Despite their
benefit, surgeons must carefully assess the advantages and disadvantages of each
option according to the patient’ specific needs. Studies have shown that artificial
bone grafts can be safely used [88-90]; however, the potential risk of SSI following
HTO must be considered [14, 33].

4. Management strategies for deep SSI following AKO

The management of deep SSIs following AKO remains a challenge, as most avail-
able evidence are derived from small-scale, single-center studies. These infections are
typically managed through various approaches, including retaining or removing of
internal fixation devices, using surgical drains or vacuum-assisted dressings, admin-
istering antibiotics both locally and systemically, and performing additional proce-
dures for bone and soft tissue reconstruction [37]. Due to the variability in reported
methods, no universally accepted treatment guidelines have been establish. Typically,
the initial management involves debridement, antibiotics, and implant retention
(DAIR) (Figure 2). In some cases, the removal of foreign materials is required for
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Figure 2.

Infection after medial open-wedge distal tibial osteotomy (MOWDTO), fistula in the wound, DAIR could control
infection without corvective loss of alignment.

Figure 3.
Infection after medial open-wedge distal tibial osteotomy (MOWDTO), with deep abscess, debridement including
artificial bone, and reoperation with bone graft from iliac bone after confirmation of infection control.

infection control (Figure 3). However, during the early postoperative period, when
bone union is not yet achieved, implant removal poses a risk of losing the corrected
alignment. Therefore, the decision to remove implants after HTO must be carefully
considered [13, 24, 91].
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4.1 Debridement, antibiotics, and implant retention (DAIR)

The European Society of Sports Traumatology, Knee Surgery, and Arthroscopy
(ESSKA) provides consensus recommendations for the management of painful
degenerative knee osteotomies (Figure 4) [92]. They advocate debridement, antibiot-
ics, and implant retention (DAIR) as the first-line treatment for patients presenting
with purulent discharge, abscesses, and elevated inflammatory markers. If infection

ALGORITHM FOR SUSPECTED INFECTION IN HTO

Suspected Infections referred by primary Care
(no antiniotics to be recommended)

1

Review by surgical team
FBC, CRP & ESR

1

» Exposed plate
yes *Purulent dischare no
» Abscess
« Elevated Inflammatory markers

Dubious infection: Observe
Weekly inflammatory markers

!

Weekly FBC/CRP Resolution Two Monthly review
Wound review —of iTction CRP/Xray
Remove plate when united
Failure to or
Resolve by Recurrence
4 weeks of infection

!

Resolution

Further observation —— Resolution
of infection

Failure to or
Resolve by Recurrence
4 weeks of infection

Figure 4.
ESSKA consensus document algorithm for treatment of osteotomy infection. ESR: erythrocyte sedimentation rate;
FBC: full blood count.
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persists, external fixation or plate removal should be considered. While the consensus
emphasizes the need for further research to enhance the evidence on infection control
after knee osteotomy, Hancock et al. reported favorable outcomes [37]. In a study
involving 822 osteotomy cases with 755 patients, deep infections occurred in only nine
cases (1.2%). Notably, none of these patients required external fixation, reoperation,
or infectious nonunion when managed according to the DAIR principles. Early detec-
tion and the application of DAIR principles significantly increase the likelihood of
treating infection without additional procedures or external fixation. The findings of
this study support the ESSKA algorithm as an effective method for infection control
in knee osteotomies.

4.2 Infectious nonunion and osteomyelitis

Osteomyelitis and infectious nonunion are severe complications that can occur
due to postoperative infection following AKO. While cases of osteomyelitis and
infectious nonunion after AKO are exceedingly rare, no standardized treatment
protocols have been established [24, 93-95]. In a retrospective cohort study by
van Houten et al., 19 out of 280 HTO cases resulted in nonunion, two of which
were infectious [49]. Effective management of infectious nonunion requires both
infection control and reconstruction of the nonunion site. This typically involves
appropriate antibiotic therapy and surgical intervention, including lesion curet-
tage, stabilization of unstable areas, and staged reconstruction of bone and soft
tissue [96]. The primary pathogen implicated in these cases is Staphylococcus
aureus, which may necessitate localized treatments, such as the use of antibiotic-
impregnated PMMA beads or calcium phosphate bone paste to achieve optimal
infection control [24].

4.3 Treatment of bone defects

Biofilm formation in infected tissues is highly resistant to antimicrobial agents
[97]. The eradication of bacteria within bone canals is particularly challenging as
intravenous antibiotics alone cannot achieve the concentrations required locally
for infection control [96]. Therefore, curettage of infected areas is recommended.
Bone defects resulting from infection-related bone resorption or surgical curettage
can be managed effectively using methods such as Ilizarov external fixation or
bone grafting combined with soft tissue coverage flaps. However, external fixation
is associated with a high complication rate and a prolonged treatment duration
[98]. Several studies have reported success with antibiotic-impregnated calcium
phosphate cement (AICPC) combined with external fixation for stabilizing bone
defects. Calcium phosphate cement (CPC) is biocompatible, osteoconductive
[24, 99], compatible with heat-sensitive antibiotics such as vancomycin [100], and
capable of retaining antibiotics effectively [99]. However, its use may be limited
in cases of large bone defects [101]. For critical-size bone loss, techniques such as
the Masquelet method, bone lengthening with Ilizarov external fixation, and free
vascularized fibular graft (FVFG) have been employed [102-104]. The Masquelet
technique, which involves using an induced membrane for bone reconstruc-
tion, shows high infection control and bone union rates, making it a promising
option for AKO-related infectious nonunion. Compared to the Ilizarov method,
the Masquelet technique is simpler to perform and is more suitable for elderly
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patients [105]. In cases of infected pseudoarthrosis or severe joint degeneration,
staged TKA following debridement and inflammation control is another viable
treatment option [93, 94, 106, 107].

4.4 Soft tissue reconstruction

Negative Pressure Wound Therapy (NPWT), also known as vacuum-assisted
closure, promotes wound healing by removing excess exudate and stimulating angio-
genesis. Since its introduction in 1997, NPWT has been widely used as an adjunct in
trauma treatment. It aids in the removal of necrotic tissue, enhances tissue oxygen-
ation, promotes granulation tissue formations, and reduces infection rates [108]. Flap
transplantation is another common method for repairing soft tissue defects in the
lower limbs. Recent advancements in microsurgical techniques have allowed continu-
ous refinement of flap designs. The key to successful treatment lies in selecting the
appropriate flap technique based on the location, extent, and nature of the defect to
ensure proper wound coverage and healing (Figure 5) [109].

4.5 Local therapy and reconstruction techniques

Continuous Local Antibiotic Perfusion (CLAP) involves the continuous infusion
of antibiotics into the infected area while applying negative pressure to circulate the
medication. This method enables the targeted delivery of high concentrations of
antibiotic over an extended duration, addressing the limitations of systemic antibiotic
therapy in poorly vascularized regions [110]. By maintaining high local antibiotic
concentrations, CLAP effectively treats biofilm-associated infections that would
otherwise require minimal biofilm eradication concentrations (MBEC) exceeding
100-1000 times the minimal inhibitory concentration (MIC) [111]. Techniques
such as iMAP (intra-Medullary Antibiotics Perfusion) for bone and iSAP (intra-Soft
tissue Antibiotics Perfusion) for soft tissue have been developed. These technique has
shown promise in managing PJI after TKA [112-114] and fracture-related infections

Figures.
After extensive debridement of PJI following TKA, the medial gastrocnemius flap for soft tissue reconstruction,
postoperative management with NPW'T, and split thickness skin grafting after soft tissue recovery.
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Figure 6.

PJI following TKA in an elderly patient with medical complications. Implant loosening was not observed, and
infection control was achieved using CLAP with (iSAP) without removing the implant. The antibiotic delivery
tube was positioned to ensure targeted flow to the debrided area.

(FRI) [110, 115-120]. Additionally, CLAP offers potential as a novel treatment for
refractory infections following osteotomy (Figure 6).

4.6 Future perspectives

While research on HTO is extensive, studies focusing on the management of deep
SSI and infectious nonunion are scarce. Various approaches for managing infections
and nonunion after AKO exist, but no universal treatment strategy has been estab-
lished. Treatment plans must balance stability with infection control and be tailored
to the individual patient and the stage of infection. Early diagnosis and intervention,
combined with appropriate antibiotic selection and surgical techniques, are critical
for improving recovery rates in these complex cases. Future studies are needed to
develop standardized treatment protocols.

5. Conclusion

AKO, including HTO, is an effective treatment for osteoarthritis of the knee,
especially in younger active patients. Despite advances in surgical techniques and
infection prevention, SSI remains a significant challenge. Although a combina-
tion of early intervention and DAIR is recommended for the management of
deep SSIs, the treatment approach must be flexible and tailored to individual
patient conditions. In addition to infection control, the treatment of infectious
complications requires a multifaceted approach that includes bone and soft tissue
reconstruction.

The identification and prevention of risk factors are important for reducing
the incidence of complications. Furthermore, the accumulation of data from large
multicenter studies is essential to establish more robust evidence-based treatment
protocols. Further improvement in the long-term clinical outcome following AKO,
particularly through enhanced infection control strategies, is expected.
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Chapter7

Osteotomy Techniques in Total Hip
Arthroplasty for Severe Dysplasia

Mehmet Faruk Catma

Abstract

Femoral osteotomy is a common procedure used in total hip replacement for
patients with severe hip dysplasia. In this chapter, fixation methods could be dis-
cussed for total hip replacement using transverse femoral shortening osteotomy for
patients with Crowe type IV developmental hip dysplasia. Fixation of the removed
femoral segment could be achieved with cable or plate techniques. In the chapter
assigned, these two techniques could be discussed in detail, stating the pros and the
cons in comparison to other available techniques. The clinical and functional out-
comes of the patients who underwent femoral osteotomy with cable or plate tech-
niques can be debated based on their radiological images and hip scores.

Keywords: hip dysplasia, fixation, total hip replacement, femoral osteotomy,
arthroplasty

1. Introduction

Femoral osteotomies in patients with Developmental Dysplasia of the Hip are
difficult and prone to complications due to femoral hypoplasia, narrow femoral
medullary canal, increased anteversion of the femoral head, valgus femoral neck,
posterior location of the trochanter major and previous femoral osteotomies. Femoral
reconstruction should be planned considering the severity of the femoral deformity
and the placement of the acetabular component.

The most important problem on the femoral side is the reduction of the hip when
the acetabular component is lowered to the true acetabulum. In such cases, femoral
shortening is necessary in order to prevent excessive stretching of the vessels and
nerves, to create the joint in the hip in its true place and to correct additional deformi-
ties caused by previous surgeries. Femoral osteotomies also help to correct rotation
deformity and eliminate the length difference in the lower limb.

2. Osteotomy techniques
Numerous techniques for femoral shortening have been described. While some

surgeons shorten only at the level of the trochanter major, most surgeons prefer
shortening at the proximal metaphysis.
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2.1 Trochanter major osteotomy

The technique of trochanter major osteotomy was described by H.K. Dunn and
W.E. Hess in 1976. The trochanter major osteotomy technique described in the litera-
ture is performed by resecting the proximal femur until reduction is achieved and the
trochanter major is fixed to the lateral aspect of the remaining proximal femur with
screws and cerclage wires (Figure1).

Surgeons who prefer trochanteric osteotomy to subtrochanteric osteotomy claim
that in addition to the possibility of advancing the trochanter laterally and distally
during the surgical intervention, the acetabular exposure is better, the reaming of
the femoral canal can be performed with less access and the components are placed
more easily and accurately. In addition to these advantages of the trochanter major
osteotomy, there are some disadvantages. These disadvantages include bone loss in
the proximal femur especially in the medial region, having to choose a small and flat
stem because the medulla under the trochanter minor is narrow and flat, failure of
the implant placed on the osteotomy line, loss of strength in the abductor force arm,
rotational and axial stability may not be provided well, nonunion of the trochanter
major and trochanteric bursitis [1-4]. It should not be forgotten that nonunion of
the trochanter major may cause dislocation at high rates [5]. In addition, abductor
muscles play an important role in balancing the pelvis while standing and walking. If
the pelvis is in balance while the patient is standing on one leg, the abductor muscle
strength is considered normal on the side on which the patient is standing. On the
contrary, if the pelvis falls to the opposite side while the patient is standing, muscle
weakness is detected on this side. Trendelenburg gait may occur in these patients.
Trendelenburg gait may be seen more frequently in patients who have undergone
trochanteric osteotomy.

Subtrochanteric osteotomy has been preferred to trochanteric osteotomy in recent
years because it allows the structure of the femur to be closer to normal and provides
better fixation in the metaphyseal region. Nowadays, subtrochanteric osteotomy,
which replaced trochanteric osteotomy, has gained popularity for the reasons men-
tioned. There are important points to be considered when performing arthroplasty
with both osteotomy methods. In order to reconstruct the center of rotation in the
arthroplasty, the elevated femoral head should be lowered inferiorly. The femoral

Figure 1.
Lines A and B are osteotomy lines for the trochanter incision, line C is the metaphyseal osteotomy line.
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shortening osteotomy technique is used to bring the femur to the true acetabulum and
to prevent neurologic damage due to overstretching. It should be kept in mind when
performing arthroplasty in cases with developmental dysplasia of the hip that surger-
ies performed far from the anatomical center of rotation have a short implant life and
are biomechanically disadvantageous.

2.2 Subtrochanteric osteotomy

The subtrochanteric osteotomy technique used in patients with developmental
dysplasia of the hip with high hip dislocation was first described by P.D. Sponseller
and A.A. McBeath in 1988 and was created with the idea of intramedullary fixation of
the osteotomy line with an uncemented stem [6]. This technique is considered one of
the most challenging surgeries in the field of orthopedics due to the center of rotation
reconstruction, risk of neurovascular injury, femoral shortening osteotomy tech-
nique, severe muscle and bone deformity and the need to eliminate the limb length
difference (Figure 2) [7, 8].

Different bone incision techniques have been described in subtrochanteric oste-
otomy. These incisions are basically divided into four groups. These are transverse,
oblique, chevron and step-cut incisions. There is no significant difference in stability
between the techniques and they have some advantages and disadvantages compared

Figure 2.

Su%trochanteric osteotomy. (A) Location of the initial osteotomy, (B) The proximal femur is excised to find the
level of the true acetabulum and the component is placed on the true acetabulum, (C) The proximal femoral
fragment is lowered opposite the true acetabulum, while minimal traction is applied to the distal femur. The
overlapping part of the femur is vesected, and (D) The femoral fragment is veduced and the increased femoral
anteversion is corvected. Provides intramedullary fixation of the femoral component osteotomy.
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to each other. Transverse incisions, which are the least rotationally stable but the easi-
est methods in terms of ease of application, are more widely used [9]. More rotational
stability is achieved in more complex osteotomy types [10]. Additional fixation
techniques such as cable or plate/screw fixation can be used to provide rotational
stability (Figure 3).

2.2.1 Femoral shortening with transverse osteotomy

Transverse osteotomy, which is one of the subtrochanteric osteotomy methods
for Developmental Hip Dysplasia, is an osteotomy method that is easier to perform
and can be performed in a shorter time. The operation time is shorter and the risk
of intraoperative complications is lower. The version problem in the proximal femur
can be solved most easily with this osteotomy. However, the nonunion rate is higher
than other types of osteotomy due to insufficient contact surface and biomechanical
stability at the osteotomy line [11].

2.2.2 Femoral shortening with oblique osteotomy

Oblique osteotomies applied from the subtrochanteric region can also be used as a
femoral shortening method in patients with Developmental Hip Dysplasia. This type of
osteotomy has higher stability and more contact surface than the transverse osteotomy.
Oblique osteotomies are more commonly used than transverse osteotomies because they
are considered to be more stable and the rotation can be adjusted better [11].

2.2.3 Femoval shortening with step-cut osteotomy

The stability of femoral shortening using this osteotomy technique is even
higher. With the step-cut osteotomy method, it is seen that the existing deformity in
the patient can be corrected more easily. With this technique, the deformity in the
proximal femur can be corrected more easily with appropriate angular rotations [12].
In this technique, the circumferential contact between the endosteal cortex and the
femoral stem is less, so unstable femoral stem press-fit and femoral stem inversion
deformity can be seen [13]. In the step-cut osteotomy technique, a transverse incision
is made lateral to the proximal fragment. Then, a transverse incision is made medial
to the distal fragment and these fragments are brought together in the appropriate

rotation.
TRANSVERSE OBLIQUE DOUBLE CHEVRON STEP CUT
Figure 3.

Types of femoral osteotomy.
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Subtrochanteric osteotomy method Advantages Disadvantages
Transverse osteotomy Easier technique Higher risk of nonunion
Oblique Greater rotational stability More difficult technique
Double Chevron More bone surface contact Longer learning curve

Step-cut osteotomy

Table 1.
Comparison of osteotomy types.

As indicated in Table 1, each osteotomy technique has differing pros and cons.

In our clinic, the transverse osteotomy technique was used as a femoral shortening
method for total hip arthroplasty in many patients with developmental dysplasia of
the hip who had complaints and clinical findings that were indications for total hip
arthroplasty. After this technique was applied, two different methods were used for
osteotomy fixation. The first method is fixation with dynamic compression plate
(DCP) and screws after placement of the femoral stem. The other method is the fixa-
tion of two segments obtained from the osteotomy line, which are not separated from
the soft tissue, with a cable after placement on the osteotomy line.

3. Examples from our cases

See Figures 4-7.

4. Discussion

Developmental dysplasia of the hip is one of the most difficult types of surgery and
the complication rate is very high. Therefore, preoperative planning should be done
carefully and possible risks should be evaluated. In order to achieve the desired level of
union after femoral osteotomy, measures should be taken to facilitate union. Care should
be taken to ensure rotational stability. In a cadaveric study, transverse, oblique, double

Pre-operation Post-operation Bone union

Figure 4.
A 49-year-old female patient with right Crowe Type 4 hip dysplasia underwent subtrochanteric osteotomy and
was fixed with a cable.
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Pre-operation Post-operation Bone union

Figure 5.
A 36-year-old female patient with Crowe Type 3 hip dysplasia underwent subtrochanteric osteotomy and was
fixed with a cable.

Pre-operation Post-operation Bone union

Figure 6.
A 44-year-old male patient with Crowe Type 4 hip dysplasia underwent subtrochanteric osteotomy and was fixed
with plate-screw.

Pre-operation Post-operation Bone union

Figure7.
A 30-year-old female patient with Crowe Type 3 hip dysplasia underwent subtrochanteric osteotomy and was
fixed with plate-screw.

chevron and step-cut osteotomy types were compared biomechanically and it was found
that step-cut surgical technique was more successful in antetorsion, rotation and angula-
tion in patients with good bone stock and body mass index below 28 [14].

Transverse osteotomy is one of the most commonly used osteotomy methods
due to its ease of application and short operation time [15]. In their study, Mu et al.
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performed transverse osteotomy on 71 patients with developmental dysplasia of the
hip and found nonunion in two hips (3.3%) [16]. In their study, Sofu et al. performed
the combination of transverse osteotomy and osteotomy fixation with cable and plate
on 73 patients with developmental dysplasia of the hip and found nonunion in four
hips (5.5%) at the end of five-year follow-up period [17]. In their study, Sener et al.
performed osteotomy fixation with step-cut osteotomy and graft-cable on 28 patients
with developmental dysplasia of the hip and found nonunion in two hips at four-year
follow-up [18].

Although the transverse osteotomy method is frequently used, there is no signifi-
cant difference between osteotomy methods when radiographic imaging and clinical
results are considered [19]. Since there is no significant difference between these
osteotomy methods in the literature, the type of osteotomy to be chosen is usually
the choice of the operating surgeon [20]. There are many publications comparing
cemented and uncemented femoral stems that can be used after osteotomy. The
nonunion rate can be seen more frequently in follow-ups after surgery with cemented
femoral stems [21]. Akiyama et al. reported high rates of nonunion in a study of 15
cemented total hip arthroplasties with subtrochanteric femoral shortening [22].
Rotational correction is more easily achieved with the use of a cemented component
after subtrochanteric osteotomy, but there is a risk of cement entering the osteotomy
line and negatively affecting the union. Since these patients are young, it is suggested
that uncemented components may last longer, the results of uncemented components
are better, rotational stability is better because the metaphyseal region is preserved,
anteversion and the use of an uncemented femoral stem for osteotomy fixation under
appropriate conditions.

After osteotomy, graft-cable and plate-screw fixation are frequently used for
fixation of the osteotomy line. There are many publications comparing these two
methods. In their study, Caylak et al. reported nonunion in only two patients in a
10-year follow-up of 50 patients and 67 hips [23]. In other studies in which plate-
screw fixation was performed for fixation of the osteotomy line, the rate of nonunion
was reported to be 5.5% by Charity et al. [24]; 3.3% by Caglar et al. [25] and 5.4% by
Sofu et al. [17]. When these publications and the literature are analyzed, it is seen that
there is no clear opinion in terms of fixation after osteotomy and it is shaped accord-
ing to the surgeon’s preference.

Even if trochanteric osteotomy or subtrochanteric osteotomy is preferred in
cases with developmental Hip dysplasia, it is necessary to lower the superior femoral
head inferiorly in order to reconstruct the center of rotation in the arthroplasty. The
femoral shortening osteotomy technique is used in such cases to lower the femoral
head to the true acetabulum and to prevent the development of neurologic deficit
due to overstretching. One of the important complications that can be seen after
femoral shortening osteotomy in cases with developmental dysplasia of the hip is
peroperative fracture. In the literature, it is observed that it can be seen between
5 and 22%. The most important reason for this is the anatomical structure of the
femur. In the proximal part of the femur, the trochanter major is small, posteriorly
located and osteoporotic. The intertrochanteric region is narrow and osteoporotic.
In addition, since the medulla of the femur is narrow, a trochanter major fracture
line, metaphyseal fissure in the intertrochanteric region and femoral shaft fractures
may occur during the reaming of the medulla of the femur and proximal metaphy-
sis [15]. According to the literature, the incidence of fracture during surgery is
0.1-3.2% when cemented prosthesis is used, while the incidence of fracture during
surgery is between 3 and 28% when cementless prosthesis is used. This increases the
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complication rate when using a cementless prosthesis, as a tighter fit between the
prosthesis and bone is desired [26].

As mentioned before, nerve lesion is the most important complication of total hip
arthroplasty and its incidence has been reported between 0.8% and 3.7% in the litera-
ture [27, 28]. In addition, female gender, surgical technique, fixation of the trochanter
with cerclage wire, dislocation of the hip during surgery, direct compression of the
retractors used, damage to the cement and polymerization heat and hematoma have
been held responsible. One of the most important points of these techniques is the
adjustment of the amount of shortening. Lengthening more than 3—4 cm is consid-
ered to be the most important factor in the sciatic nerve injury. However, there are
different opinions in the literature. Eggli did not find a statistically significant rela-
tionship between the frequency of nerve lesions after arthroplasty and the amount of
lengthening and stated that the cause of nerve lesions was due to direct and indirect
mechanical trauma during surgery [29]. Schmalzride, on the other hand, found nerve
lesions in six patients with more than 3 cm of lengthening but emphasized that these
nerve lesions were due to indirect compression of the prosthesis or bone fragments
rather than the amount of lengthening [30]. Edwards emphasized that there was a
direct relationship between the amount of lengthening and nerve lesions [31].

In addition, the risk of neurovascular damage increases if insufficient shortening
is performed. If excessive shortening is performed, shortening of the leg and weak-
ness in the muscles around the hip occur. Osteotomy should be performed by evaluat-
ing the sciatic nerve tension with the appropriate measurement method. We should
not forget that neurological damage will be minimized by making incisions carefully
during surgery to avoid nerve damage, placing the retractors in the appropriate posi-
tion and determining the tension of the sciatic nerve after the surgical procedure. For
all these reasons, soft tissue should be respected as much as possible [8, 32].
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Chapter 8

Surgical Correction of the
Cavovarus Foot Deformity with
Utilization of Osteotomy

and Arthrodesis Technique

Harry John Visser and Kyle Williams

Abstract

Cavovarus is a complex deformity characterized by a high arch and overall

cavus foot deformity resulting from plantar flexion and adduction of the forefoot,
increased calcaneal pitch, and most importantly hindfoot varus. There is a common
misconception that all cavovarus foot types are derived from neuromuscular causes
manifested in childhood. Due to this misconception the diagnosis of cavovarus foot
is often overlooked in adults, particularly if it is a subtle deformity. This chapter will
discuss the multiple non-neurologic and neurologic causes behind a cavovarus foot
deformity in the adult patient. We will also demonstrate how to recognize and treat
those difficult deformities using surgical techniques. Discussion should be centered
around tendon and capsular balancing, muscle transfer, osteotomy, and arthrodesis.

Keywords: adductocavovarus foot deformity, chronic varus deformity, foot deformity,
osteotomy, Charcot, reconstruction

1. Introduction

The impending discussion will encompass the utilization of osteotomy and
arthrodesis and will center on conditions producing an adductocavovarus foot defor-
mity. Recently a new encompassing classification has been established for flatfoot
conditions called progressive collapsing foot deformity. This allows numerous condi-
tions to fall into the category, which was an extension of the commonly used adult
acquired flat foot deformity (AAFD) including posterior tibial tendon dysfunction.
In this discussion, we will center on the more opposite deformity termed progressive
elevating foot deformity. This will center on a group of bipedal conditions that will be
primarily discussed such as:

1.Idiopathic non-neurologic adductocavovarus foot deformity.

2.Rheumatoid arthritis, a mononeuritis affecting the subtalar joint creating an
elevating progressive foot deformity
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3. Mueller Weiss disease

4. Charcot Marie Tooth disease
5.Talar neck malunion

6. Charcot osteoarthropathy

7. Traumatic or neuromuscular loss of function of the peroneal tendons, and
neuro-musculature

Included in these discussions will be the utilization of osteotomy, arthrodesis, and
soft tissue techniques to manage the resultant progressive deformities.

2. Idiopathic non-neurologic adductocavovarus deformity

This form of cavus foot represents a non-neurologic condition, recognized only
in recent years by a loss of equilibrium and balance. This mild form most possibly
represents the cavus end of the normal distribution of arch height. No neuromuscular
weakness is found as noted, but arch structure leads to an unstable platform. This
leads to many common conditions encountered in foot and ankle such as frequent
ankle sprains, achilles tendinopathy and ankle impingement. Also, 28% have underly-
ing stress fractures of metatarsals four and five. Peroneal tendinopathy is seen in 33%
of patients.

Radiographically, Meary’s angle will be slightly greater than negative, 0-5 degrees.
Metatarsals will appear stacked, calcaneal inclination, which runs 25 degrees nor-
mally, will be increased to 30 degrees. The fibula will be posterior to the tibia as a

Figure 1.

Top left, too many toes sign. Bottom left, peek-a-boo heel sign of cavovarus foot. Top right, subtle cavovarus
foot deformity with radiographic images below showing, increased calcaneal pitch, increased Meary’s angle, and
stacked metatarsals.
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result of external rotation generated by the supinated subtalar joint. Also, the sinus
tarsi will exhibit a bullet hole sign due the dorsiflexed and abducted position of
the talus. The subtle radiographic changes represent the term subtle cavovarus foot
deformity (Figure1) [1].

On clinical exam, the neuromuscular exam notes no signs of weakness or abnor-
mality. The presence of a peekaboo heel sign is present when viewing the foot and
ankle from the front. The opposite is noted in the AAFD, where from behind the foot
and ankle will show the too many toes sign. When performing the Coleman block test
the rearfoot remains in a fixed varus position when the first metatarsal is dropped
out. This indicates a rearfoot driven cavus. In most cases, the facets of the subtalar
joint are congenitally aberrant. As stated previously, the condition of the peroneals,
4th and 5th metatarsal stress fractures, and ankle instability complaints focus on
the need for surgical intervention. The subtle structure of the foot must be carefully
assessed. This begins from posterior to anterior similar to flatfoot reconstruction.
Firstly, the Silverskold test is used to evaluate for the presence of equinus deformity.
With the fixed varus heel position this can lead to contracture. In most cases, a
gastrocnemius equinus may be present. As a result of the Coleman block test, a fixed
heel varus is noted. Attention is turned to the heel varus deformity which is corrected
with a Dwyer calcaneal osteotomy [2]. The Dwyer osteotomy can be utilized in a
biplane fashion by a superior shift of the tuber fragment. Occasionally, depending
on deformity, a STJ arthrodesis correcting the varus deformity may be needed. Once
this is performed, attention should be directed to the midfoot and forefoot. Three
particular scenarios can occur. One, The first ray and midfoot can be restored com-
pletely to its normal functional position, this notes no further surgical intervention is
needed. In the second scenario, the first ray remains plantar flexed but can be pushed
in a dorsiflexed correct position. In this case, a transfer of the peroneus longus to the
brevis can be done in the area of the peroneal groove. The first ray will then become
neutral and the peroneus longus now acts with peroneus brevis to add a pronatory
force to the subtalar and midtarsal joints. In the third scenario, the first ray remains

Figure 2.

Stfpwise approach to treating Idiopathic cavovarus foot: (A) step 1: intra-op Silverskold test, gastroc recession,
percutaneous TAL; (B) step 2: rearfoot varus, if there is a positive Coleman block test then perform a Dwyer
osteotomy; (C) addressing the forefoot varus. If 1st vay remains plantarflexed then you can perform a (D) DFWO
of the 1st metatarsal or a (E) peroneus longus to brevis tendon transfer.
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plantarflexed and cannot be brought to the level of the lateral metatarsals. In this
case, a DFWO of the first metatarsal or a first metatarsal medial cuneiform arthrod-
esis is performed. Once the procedures have been performed, adjunct procedures such
as repair of peroneus brevis and retinaculum, delayed nonunion of a Jones fracture,
or a Brostrum repair for ankle instability can be done. On average the post operative
protocol is 4 weeks NWB, 4 weeks of WB and transition walking boot as needed. The
patient will return to normal activity levels at 6-8 months (Figure 2).

3. Rheumatoid arthritis

Forefoot changes in the rheumatoid foot occur often before any associated hind-
foot changes. Both the subtalar joint and the talonavicular joint are rarely affected
in early rheumatoid pathogenesis [3]. When the rearfoot does become involved
it affects primarily the talonavicular and subtalar joints. With talonavicular joint
involvement, there is little deformity but shortening of the medial column can be
produced by loss of cartilage and subchondral bone. Involvement of the pedis acetab-
uli can produce an adductovarus deformity. When performing surgical intervention
by arthrodesis, grafting of the STJ is needed to restore proper length to the medial
column. Also, the possibility exists of a cuboid osteotomy to correct further adduc-
tion. Involvement of the tarsometatarsal joints lead to destruction of the bases of the
2nd and 3rd metatarsals and a portion of their respective cuneiforms. The remaining
TMT joints are unaffected. This then leads to the peroneus longus to maintain the
longitudinal arch and transverse arch at the first ray. This leads to retrograde closed
kinetic chain supination of the subtalar joint. Management of this condition includes
arthrodesis of the tarsometatarsal joints 2 and 3 with interpositional bone graft. A
peroneus longus lengthening or transfer to the brevis or even elevational osteotomy
of the first metatarsal may be needed. A Dwyer calcaneal osteotomy may also be
needed in these cases. Involvement of the subtalar joint leads to a collapsing foot
deformity and thus is mentioned for that reason but is not part of developmental
adductocavovarus foot deformity. The case study will demonstrate rheumatoid
disease affecting the ST].

3.1 Case study

56 year old white caucasian female with a long history of pedal rheumatoid
arthritic changes that primarily centered in the forefoot some 10 years prior. The
patient had been maintained on biologics but in the past 2 months began noticing
a change in the position of her foot. A progressive adductocavovarus deformity
began to occur with associated ankle instability. A revealing CT scan indicated
extensive involvement of rheumatic panic disease in the medial talar and calcaneal
portions of the STJ, involving the facets. The loss of bone lead to lateral transfer-
ence and dorsiflexion abduction of the talus producing a closed kinetic chain
supination (Figure 3).

The decision was made to perform a reconstruction of the medial side of the ST]
utilizing a bioengineered titanium strut. This was filled with cortical cancellous
autograft impregnated with bone marrow aspirate from the distal tibia. Some bone
remodeling was performed to allow for a perfect fit to bring the calcaneus back to a
vertical position. The talus also underwent positional change of adduction and plan-
tarflexion. A percutaneous TAL was performed to unload the strain on the tubercle
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Figure 3.

Images moving from left to right: (1) clinical image of patients progressive adductocavovarus deformity and
associated ankle instability; (2 and 3) initial radiographs showing collapse of calcaneus into valgus, talonavicular
joint fault with subluxation, and development of advanced arthritis of the subtalar joint.

Figure 4.

From left to right. (1) Bioengineered titanium strut filled with cortical and cancellous calcaneal autograft and
impregnated with bone marrow aspirate; (2) place of the strut in the medial side of the ST] for reconstruction
and (3) postoperative X-rays.

of the calcaneus but with STJ stabilization, the decision was made to forego a lateral
ankle stabilization. Patient was kept NWB 8 weeks, followed by 4 weeks in a walk-
ing CAM boot. Transition to shoewear by 12 weeks followed by 3 months of physical
therapy. Full recovery time took approximately 1 year (Figure 4).
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4, Mueller Weiss disease

Mueller Weiss disease is characterized by a dysplastic navicular. Konrad Weiss
believed mueller weiss disease was due to osteonecrosis [4]. Several entities have been
proposed but most agree on some form of traumatic event as the etiology. The condi-
tion affects the dorsal lateral aspect of the navicular with loss of volume. This leads to a
lateral shift of the talus noted on a radiographic DP view as talocalcaneal convergence.
The compression affects the three radial vessels passing through the central lateral
body. This produces ischemia leading to secondary fragmentation and ultimate collapse
of this portion of the navicular. The tuberosity is well preserved due to its rich blood
supply coming from the posterior tibial artery. The result of this produces a c-shaped
peri navicular condition. This leads to talonavicular and/or naviculo-cuneiform arthri-
tis and produces midfoot collapse. Flattening of the medial arch occurs as the talus
plantarflexes into the defect of the lateral central navicular. The talus also shifts lateral
creating a rearfoot varus via closed kinetic chain supination [4]. This pathomechanical
complex is referred to as a “paradoxical pes plano varus”. Clinically, examination often
relates swelling and tenderness over the dorsal medial midfoot. There is a normal or
low medial longitudinal arch depending on disease severity [5]. The paradoxical nature
of pes planus and hindfoot varus suggests advanced disease. Plain radiographs note a
comma shape to the navicular on the DP view. On the lateral view, arthritic changes in
the midfoot with fractured cancellous bone is often noted. This represents the rem-
nants of the central-lateral pole (Figure 5). A radiographic classification was proposed
by Maceira et al. [6].

- -

(A) Paradoxical pes plano varus foot type secondary to mueller weiss disease; (B) significant abduction of talus
due to loss of navicular bone volume and accounts for developing heel varus; (C) fragmentation of the navicular
and Lowering of arch height; (D) midtarsal joint and talonavicular joint fusions restove arch height and allows
for passive correction of subtalar joint varus; (E) the talus plantarflexes down and creates a plantar prominence
causing the foot appear to have a fallen arch [3].

Figure 5.
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4.1 Surgical management of Mueller Weiss disease

See Table 1.
Stages (Maceira classification) Deformity Surgical treatment
Early Stages 0 and 1 Mild to moderate Osteotomy can be considered. Evans
collapse of the body calcaneal lengthening and Koutsogiannis
posterior displaced osteotomy. Each move
the talus medially to re-articulate with
the remaining talonavicular joint creating
closed kinetic chain pronation to the
subtalar joint
Stage 2 Severe collapse of the Arthrodesis of the talonavicular joint with
lateral navicular body debridement and grafting of the lateral
body. A truss bioengineered navicular
Stage 3 Advanced collapse of Consider talonavicular joint arthrodesis
the navicular body with which may need to include the subtalar
significant arthrosis of joint and calcaneocuboid joint as a modified
the talo cuneiform joint Charcot triple arthrodesis [5]
Stage 4 Advance collapse A modified Charcot pan arthrodesis, which
including the ankle joint is a triple arthrodesis, with a talo-cuneiform
arthrodesis and ankle arthrodesis. A total
ankle replacement is another viable option
Table 1.

The Maceira classification was proposed by Maceira and Rochera detailing Mueller Weiss disease based solely on
Meary angle on plain radiographs. This classification system helps explain the pathomechanics behind the disease
and the pathomechanics can help guide the surgical corrvection of the disease.

5. Talar neck malunion

Talus fractures account for less than 1% of all fractures [7]. Malunion rates
vary from 9 to 47% [8]. The most common malunion deformity is malalignment
of the talar neck. This can lead to substantial shortening of the medial column.
The result creates closed kinetic chain supination locking the STJ and thus rear-
foot calcaneal varus. The midtarsal joint is also affected creating a forefoot varus
at the TNJ and lateral column overload at the CCJ. The peroneus longus plan-
tarflexes the first ray to keep the forefoot in contact with the ground. A malalign-
ment of 2 mm leads to considerable load redistribution at the three STJ facets.
Also one must be aware that the talus can become mal-aligned within the ankle
joint created by abnormal axial rotation. This results in an adductocavovarus foot
deformity.

The key falls in the initial talar neck fracture reduction which requires both a
medial and lateral talar incision. The medial neck most often suffers comminution.
This is why it is critical to address the lateral neck which is an isolated linear fracture.
Once the lateral neck is reduced the medial side will then be brought into its normal
anatomic length. The comminuted fragments then can fill the fracture defectand a
solitary 4.0 or 3.5 screw or anatomic locking plate can be used for fixation.

Surgical options:

1. Corrective osteotomy with auto/allograft of talar neck.
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2.Release of adhesions of the ankle, subtalar, and midtarsal joints with revision of
the sinus tarsi.

3. Posterior calcaneal osteotomy.
4. Triple arthrodesis.

5.Supramalleolar osteotomies which include an opening wedge of the medial mal-
leolus and decompression osteotomy of the fibula.

5.1 Case study

A 52 year old female presented to the clinic as a referral from the ER after a twisting
type injury where X-rays did not reveal a fracture. She was treated conservatively for

Figure 6.
Radiographs showing two screw fixation of the talar neck and the progressive heel varus from the following
nonunion. The Nonunion causes shortening and gradual varus deformity of the rearfoot.

Figure7.

Ragdiogmphic images of correction 1 year post operatively. There was Insertion of intra-articular subcapital
compression screws with oblique lateral orientation of screws so as not to directly compress the bone graft. Note
reduction of subtalar joint position created by lengthening of the medial neck and thus medial colummn. If this fails
to completely reduce will need to consider dwyer calcaneal osteotomy or subtalar arthrodesis. Similarly lack of
reduction of forefoot adduction may require triple arthrodesis.
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the next couple of months consisting of rest, ice, elevation, NSAIDS, CAM boot and
physical therapy with little improvement of pain. MRI was performed and showed talar
neck fracture with medial comminution. Patient proceeded with surgical interven-
tion at this time with two screw fixation medial and lateral. Over the next 2 years, the
patient had continued pain and noted her foot beginning to turn inwards (Figure 6).

2 years post op the talus was healed. However, developmental subtalar joint
varus secondary to talar neck malunion was occurring. Compression on the medial
talar neck where comminution was present led to shortening and a developmental
adductovarus. The proposed surgical management was an opening wedge osteotomy
of the talar neck with interpositional bone graft. Lengthening of the talus medially
leads to closed kinetic chain pronation and restoration of subtalar joint position as
well as reduction of forefoot adduction. In cases where the ST] and MTJ are “locked”
an aggressive soft tissue release with a Cobb elevator may be needed. In this failure,
a triple arthrodesis is usually required. Occasionally, residual calcaneal varus can
persist. This can be addressed by a Dwyer calcaneal osteotomy (Figure 7).

6. Charcot Marie Tooth

Of all conditions producing a progressive adductocavovarus foot deformity,
Charcot Marie Tooth disease serves as the prototype as a neurologic condition. CMT
is known as a hereditary motor sensory neuropathy associated with progressive
peroneal muscular atrophy [9]. It was first described by Marie and Tooth in 1865.
Patients demonstrate cavus foot forefoot adduction, midfoot pronation, and rearfoot
supination. Its progression normally begins with the forefoot and also encompasses
the midfoot. The STJ and ankle become involved later in progression.

A scenario that can be seen depends on the progression of weakness which can be
variable [10]. In general, the forefoot is involved by intrinsic atrophy of the hallux
creating a hallux malleus deformity as well as the lesser digits beginning as hammer-
toes that can progress to a mallet position. The tibialis anterior tendon and muscle
can become involved leading to an overpowering of the peroneus longus. This brings
the pronated midfoot to the floor medially. The weak peroneus brevis and strong
tibialis posterior lead to the pronated midfoot and supinated STJ. The ST] then
reaches end ROM in supination. This creates a fixed heel varus noted on the lateral
radiograph as a bullet hole sign involving the sinus tarsi. Also, external rotation of
the fibula is noted in reference to the tibia. The varus heel position leads to con-
tracture of the achilles tendon. The results of this on lateral X-rays show increased
calcaneal pitch and an increase in the Meary’s angle which is demonstrated by the
bisection of the talus to the first metatarsal [9]. This angle is critical in determin-
ing the apex of the deformity. Lateral tibiocalcaneal angle also shows an increase.
DP radiographs show gun barrel sign at the proximal interphalangeal joints of the
digits, mild to moderate forefoot adductus, decrease in the talocalcaneal angle, and
talar convergence. Initial radiographs usually do not show signs of degenerative
osteoarthritis (Figure 8).

On clinical examination, there is often lack of dorsiflexion at the ankle second-
ary to achilles tendon contracture. Range of motion of the subtalar joint appears to
be fixed. Minimal pronatory ability is also observed at the midtarsal joint. Forefoot
deformities are not fully reducible and the metatarsals are prominent plantarly. The
first metatarsal position is often covered by the peroneus longus. Clinically, the result
is considerable instability, a pronated MTJ, and a supinated ST] with an equinus
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Figure 8.
Left to right. (1) Clinical images of a CMT affected foot; (2) radiographs showing increased calcaneal pitch,
increased Meary’s angle, and increased lateral tibiocalcaneal angle.

contracture at the ankle joint. The first metatarsal brought to the ground by the
peroneus longus can also add a re-supinatory force.

The surgical approach to this condition attempts to establish a plantigrade foot.
A major factor that is not often considered is the contractures brought on by the
soft tissues. There are three main contractures that must be addressed. First the
achilles, second, peroneus longus, and third, the tibialis posterior muscle tendon.
A gastroc recession or an achilles lengthening will bring the foot underneath the
ankle and allow better heel contact. The varus condition of the heel will need to be
addressed by a Dwyer biplanar osteotomy. The tibialis posterior by being released
from the navicular tuberosity down to the cuneiform will help release the pronatory
force at the STJ. If lack of talo-calcaneal correction is noted at this juncture, a full
talonavicular capsulotomy with release of the spring ligament and deltoid ligament
must be considered. The TP tendon is then transferred to the dorsal foot through
the interosseous membrane (Watkins procedure) to the intermediate cuneiform as
a non-phasic transfer [11]. This leads to a considerable release of deformity at the
midfoot correcting its pronatory position. It can also offer dorsiflexion power to
the ankle. Next the peroneus longus is transferred to the brevis in the area of the
cuboid tunnel which also helps in forefoot and midtarsal joint alignment correct-
ing midfoot pronation and forefoot abduction. Once the soft tissue contractures
and tendon transfers are performed, correction of the foot deformity appears to

Figure 9.

Exgample of the Cole midfoot osteotomy used to correct the Meary’s angle in cavus deformity. A dorsal curvilinear
incision is made over the midfoot in ovder to expose the navicular and cuboid (1). A dorsal and slightly laterally
based transverse-wedge osteotomy (2) is made through the naviculo-cuneiform joints medially and the cuboid
laterally. After the bony wedge is removed the osteotomy is reduced into the corvected position and fixated using
Steinman pins, staples, screws, or even external fixation techniques (Figure 10).
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Figure 10.

Tof;;eft moving left to vight describing a tibialis posterior tendon transfer. (1) Harvesting TP at the Master Knot
of Henry; (2) harvest the second tendon approximately 9 cm above the ankle joint; (3) incision created by transfer
of the tendon medial to lateral divectly posterior on the tibia creating a generous window in the I0 membrane and
(4) insertion of the TP in the lateral cuneiform with biotenodesis screw.

be much improved. The midfoot, where Meary’s angle intersects in the area of the
TN and CC joints, can be addressed with a midfoot Cole osteotomy. If residual 1st
metatarsal plantarflexion exists a 1st metatarsal osteotomy can be performed for
further elevation. This then leads to a functional plantigrade foot. The forefoot

is then addressed in a second stage, including a Jones sling procedure with hal-
lux interphalangeal joint arthrodesis. The digits are then addressed by proximal
interphalangeal joint arthrodesis (Taylor type). If metatarsal declination persists,
consider a Hibbs EDL tendon transfer (forefoot suspension) to the intermediate
cuneiform. Thus one can see that with a seemingly rigid foot correction can be
attained with soft tissue release, tendon transfer, and osteotomy with avoidance of
arthrodesis (Figure 9).

7. Loss of peroneal function

This is a condition where both peroneal tendons (cables) are severely damaged
and cannot be repaired. Two scenarios can occur. In the first scenario, the peroneal
musculature is still intact. On MRI, there is no significant sign of fibrosis or fatty
infiltration. In this scenario an allograft can be used to replace one or both tendons
(see case). In the second condition, there are signs of loss of muscle mass forming a
myopathy. Fibrosis and fatty infiltration will be noted. Here one cannot depend on
an allograft for reconstruction. An active motor unit will need to be utilized. The
following case study demonstrates an FDL transfer to peroneus brevis insertion. This
provides an active motor to the damaged end.
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Adjunctive procedures performed:

1. Complete excision of both peroneal tendons, with preservation of the distal pe-
roneal insertion for utilization of pulver-taft technique. Utilized in conjunction
with the FDL transfer.

2.Dwyer Calcaneal osteotomy or possible ST] arthrodesis for the fixed heel varus
condition.

3.Z-plasty lengthening of the tibialis posterior tendon with possible excision.

4. Possible split or total transfer of tibialis anterior tendon to the lateral foot for
cases of residual forefoot varus creating by loss of peroneus longus function.

7.1 Case study

A 60 year old female presented with a history of pain in the anterior lateral aspect
of her left foot. She sought medical care initially, but no presumptive diagnosis was
made. Patient eventually received an MRI which revealed rupture of the peroneus
brevis tendon at the area of the peroneal tubercle. The imaging also showed advanced
peroneus longus tendinopathy with a high grade tear inferior to the cuboid. MRI also
revealed fatty and fibrous infiltration of the peroneal musculature with loss of girth. As
a consequence, the patient had developed a significant varus deformity (Figure 11) [1].

Given the fatty infiltration along the course of the peroneal musculature this is
indicating that the peroneus brevis is no longer contractile. The decision was made to
proceed with a transfer of the flexor digitorum longus tendon to the fifth metatarsal
base (pictured below). The tendon was transferred behind the tibia and allows the foot
to maintain primary eversion function for the foot. To counteract the anterior forces,

a functional lengthing of the posterior tibial tendon was also performed. Finally, a
Dwyer calcaneal osteotomy was done in order to correct the varus and to stabilize the

Figure 11.
Immediate post operative images following FDL transfer, PT tendon lengthening, and calcaneal Dwyer osteotomy.
Immediate correction of the varus deformity is seen.
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Figure 12.

Series of photos depicting FDL tendon transfer (A) harvesting the FDL from the Master Knot of Henry; (B)
harvesting FDL 7-9 cm proximal to the ankle joint and bringing the tendon behind the posterior tibial tendon;
(C) using the Pulver-Taft technique to transfer the FDL into the peroneus brevis insertion with the foot in
maximal dorsiflexion and abduction.

subtalar joint. This correction allows an immediate improvement of the varus defor-
mity and most importantly treats the underlying etiology preventing any recurrence.
Postoperative management is 4 weeks NWB, followed by 4 weeks in a weight bearing
boot and conversion to shoewear with 2-3 months of physical therapy (Figure 12).

8. Charcot neuroarthropathy

Charcot neuroarthropathy, although quite common in the diabetic population, has
become more commonplace in the non-diabetic population. As is known, stages have
been described by Eichenholtz and more recently modified by Shibata [12] which
can help guide treatment. Controversy is still very prominent concerning when best
to intercede surgically or pursue a conservative non-weight bearing course in the
fragmentation phase. Often however, stage 2 and 3, are when the patient presents
with significant deformity making surgical intervention more difficult. Midfoot
involvement is quite common in this condition (Figure 13) [13].
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Figure 13.

Thg;'ee cases of the most common form of Charcot which is the midfoot type. Radiographic changes can indicate
significant instability and corresponding deformity. (A) Represents an Schon 2 classification of Charcot. With the
position of the talus heading straight to the cuneiforms. Operative intervention will not be needed in Eichenholtz
stage 1. This pattern leads to usually a plantigrade weight bearing foot; (B) this represents a Schon 4 classification
involvement of the TN joint. This does best by being managed during Eichenholtz stage 1. This leads to an unstable
pronatory condition with the talus head becoming weight bearing by stage 3; (C) this vepresents Koenig stage 3
which is the peri-navicular form. This also requires operative intervention during the fragmentation phase. The
result is that the navicular becomes convergent and abducted leading to a varus foot overload. Thus, the cuboid,
4th, and s5th metatarsals become dislocated by Eichenholtz stage 3.

Schon classified this by 3 patterns in the stage 1 and 2 cases [12]. The first pattern
involves the TMT and Cuneiform joints. This leads to developing a stage 3 condition
often due to a plantigrade foot. What is noticed is that the talus remains in the central
foot. The next pattern type noted the talus adducting medial to the navicular. This
represented a broken down midfoot with the medial portion superiorly pronating the
talus. This requires early intervention to prevent this rapidly developing rocker bottom
condition. A Charcot type of triple arthrodesis utilizing beaming screws is utilized. In
stage 1 conditions (fragmentation stage) a static external fixator is used. The third pat-
tern is the peri-navicular type. In this case the talus will shift lateral and thus produce a
varus deformity and unstable subtalar joint. This unstable subtalar joint leads to the very
difficult plantar cuboid ulceration. Early intervention is also required here and will need
to be addressed with a charcot triple arthrodesis again with an external fixator, another
option includes a subtalar joint arthrodesis with an open Z-plasty of the achilles tendon.

9. Conclusion

In conclusion, this discussion encompasses a myriad of deformities. It is important
that one carefully evaluate and diagnose each condition. Biomechanical abnormalities
are the hallmark of each, but because of the areas of involvement, each deformity
can present in a different fashion. Our approach addresses the pathobiomechanics of
each of these conditions involving the adductocavovarus foot. Once recognized the
surgical approach will vary but the use of osteotomy, arthrodesis, and even soft tissue
release will be paramount.
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Chapter 9

Proximal and Distal Osteotomies in
Treatment of Hallux Valugs

Nadan Mikic, lvan Marjanovic, Aleksandar Stankovic,
Dragisa Stamenkovic, Vesna Rankovic and Viadimir Gordic¢

Abstract

Hallux valgus is one of the most common deformities in the musculoskeletal
system. It is a chronic progressive condition of the foot that is prevented by lateral
deviation of the big toe and deformity of the first metatarsophalangeal joint. The
complexity of the condition is reflected in the progressive development of deformi-
ties at the front of the foot, which is manifested by pain, the appearance of calluses,
difficulty walking. Non-operative treatment is aimed at reducing symptoms, improv-
ing tolerance of deformities, but often does not deal with the altered mechanics of
the foot. For this reason, surgical correction is often used. The existence of numer-
ous surgical procedures indicates that there is no universally successful method for
dealing with this deformity. In this chapter, we will provide a brief overview of the
history, anatomy of the metatarsus, and surgical techniques of the proximal and distal
osteotomies of the first metatarsal, with a particular focus on Golden and Mitches
osteotomies, including the presentation of the results.

Keywords: 1st metatarsal, hallux valgus, Mitchell osteotomy, golden osteotomy,
comparative analysis

1. Introduction
1.1 Hallux valgus: General part

The significance of hallux valgus deformity is that it is very common, especially in
women. It is a problem for the patient due to the formation of calluses, pain, difficulty
wearing shoes and difficulty walking.

Treatment of hallux valgus deformity is carried out conservatively and surgically.

Non-operative treatment has the role of reducing problems, enabling the defor-
mity to be better tolerated, but often does not solve the essence, that is, disturbed
statics in the function of the foot.

This is the reason why treatment is often carried out with surgical corrections. The
existence of a large number of surgical procedures shows that there is no completely
successful way to solve this deformity.
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1.2 Definition and brief history

One of the most common diseases of modern man, which dominates among foot
deformities, is the bunion foot.

Hallux valgus is a chronic progressive disease of the foot, represented primarily by
lateral deviation of the big toe and deformity of the first metatarsophalangeal (MTF)
joint. The complexity of the disease is reflected in the fact that with the progression of
the disease there is a gradual formation of deformities at the front of the foot.

Valgus hallux was first described by La Forrest, Louis XVI’s physician, and the
term was introduced into professional use by Carl Heuter in 1871.

1.3 Frequency and etiology

Hallux valgus deformity (bunion) is highly prevalent among the population.
Depending on age, the incidence rate ranges from 7.8% in young people under
18 years of age to 35.7% in people over 65 years of age. In people between the ages of
18 and 65, the deformity occurs in 27% of cases [1].

The formation of the hallux valgus is influenced by internal factors such as: heredity,
pes planus-flat foot, metatarsus primus varus—varus first MT bone, length of the big toe,
and external factors: uncomfortable shoes, trauma, amputation of the second toe [2].

There are three types of feet compared to the length of a big toe with another toe. The
first is the Egyptian foot where the big toe is longer than the second toe, the second type
is the square foot where the big toe and the second toe are the same length, and the third
type of foot is the Greek foot, where the second toe is longer than the big toe (Figure 1).

The greatest predisposition to the formation of hallux valgus exists in the Egyptian
type of foot [3].

1.4 Pathoanatomical changes

By changing the balance of bone and soft tissue of the forefoot, the develop-
ment of hallux valgus deformity gradually occurs. Congenital or increased mobility
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Figure 1.

Schematic representation of foot types: Egyptian foot (A), Greek foot (B), square foot (C).
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of the first MT bone during life is one of the main causes of the development of
hallux valgus. Wearing high-heeled shoes increases the load on the front of the
foot. Under load, the first MT bone moves away from the other bones, leaving its
place of the lowest bone. The base of the proximal phalanx of the thumb first shifts
laterally and gradually subluxates relative to the head of the first MT bone. At the
same time, the proximal phalanx rotates in a field around its axis, the muscles
weaken, the fingers come closer to each other due to the narrow space and deform,
and there is a lateral deviation of the thumb. Placing the thumb in the valgus
position and extension leads to the fact that when supporting, the thumb separates
from the ground and so that the force of the body’s weight is not transferred to it.
The weight of the body is transferred to the lateral part of the foot, especially to
the head of the second MT bone, under which a callus forms. The pain affects the
metatarsus and metatarsalgia occurs. Due to the tightening of the medial ligament
of the first MT joint, inflammation is caused on the medial side of the head, which
results in the formation of fibrocartilaginous prominence, which later ossifies

in the form of a painful exostosis on the inside of the foot. Gradually, there is a
rotation of the phalanges of the thumb around its longitudinal shaft, so that the
nail looks upwards and inwards. The main cause of rotation of the thumb is the loss
of balance between the abductor hallucis and m. adductor hallucis, which attach
at the base of the proximal phalanx and on the sesamoid bones. Both sesamoid
bones migrate toward laterally proportional to the lateral deviation of the thumb.
The head of the first MT bone moves laterally. The articular capsule on the medial
side is thickened, while on the lateral side it is shortened (McBride’s test) and does
not allow the proximal phalanx to move medially, until the tendon of the adductor
hallucis, which attach both at the base of the proximal phalanx and on the outer
part of the capsule, is cut. Due to weakness of the deep transverse ligament on the
medial side of the medial sesamoid bone and on the lateral side of the head of the
heel of the MT bone, an extension of the forefoot (splay foot) occurs. There is a
change in the function of the adductor hallucis, which, with the shortening of the
m. extensor hallucis longus, leads to an increase in the deformity of the thumb.

It is also shortened by m. flexor hallucis brevis and m. flexor hallucis longus. The
only muscle that opposes the further progression of the deformity of the thumb is
the abductor hallucis, by fixing the proximal phalanx in the valgus position, the
rotation of the first MT bone [4].

1.5 Diagnosis

A medical history, clinical examination, and radiographic imaging of the foot are
required to make a diagnosis.

1.5.1 Anammnesis

From the anamnesis, a lot can be learned about the onset of the onset of problems,
the type and severity of pain, about external factors that can affect the occurrence of
deformities, heredity [2].

1.5.2 Clinical examination

The inspection determines the existence of a lateral deviation of the big toe with a
wide front part of the foot in the form of a fan and deformation of the head, and the
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first MT bone on the medial side is observed as the most dominant signs of hallux
valgus deformity. The Mc Bride test examines the correctability of deformities. The
test is positive if the thumb cannot be corrected [4].

1.5.3 Radiographic diagnostics

Radiographic examination follows a detailed clinical examination (Figure 2).
The foot is radiographed in standard positions under load from a height of 1.5 m.
Radiography under load is a balance between the action of the force of the weight of
the body and the reaction of the force of the surface on the foot, reflecting a realistic
relationship between the position of the bones and joints when the foot is in function.

In addition to standard radiographs in the dorsoplantar and profile directions,
sesamoid bones in the tangential direction are radiographed separately, and other
joints and foot bones if the clinical finding requires it.

Dorsoplantar radiographs determine the hallux valgus angle (HVA), distal meta-
tarsal articular angle (DMAA), intermetatarsal angle (IMTA), interphalangeal angle
of thumb (IFA), congruence of the MTF joint, angle of inclination of the first MT
bone, angle of pronation of the first MT bone, arthritic changes.

The angle that the longitudinal shafts of the first MT bone and the proximal
phalanx overlap is HVA. HVA values in a healthy foot are 0-15° (Figure 2).

DMAA is the angle formed by a line extending along the axis of the first MT bone
with a line running through the articular surface of the head of the first MT bone. Ina
healthy foot, DMAU is 0-15° (Figure 2).

IMTU is the angle that the longitudinal axes of the first and second MT bones
interact. Its physiological values are 6-9°C (Figure 3).

The angle that the longitudinal shafts of the proximal and distal phalanx of the
thumb overlap is the IFU angle. In a healthy foot, the values of the interphalangeal
angle are from 0 to 5° (Figure 4).

Figure 2.
Radiographic representation of HVA and DMAA.
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Figure 3.
Radiographic representation of IMTA.

Figure 4.
Radiographic representation of IFA.

The first MTF joint is congruent in a healthy foot; that is, the concavity of the
articular surface of the base of the proximal phalanx of the big toe corresponds to the
convexity of the articular surface of the head of the first MT bone (Figure 5).

Subluxation and luxation of MTF joints is best observed on profile radiography.

The angle of inclination of the first MT bone is formed by a line extending along
the axis of the MT bone with a horizontal line (Figure 6).
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Figure 5.
Radiographic view congruence of the MTF joint of the big toe of the left foot.

Tangential or sesamoid radiography shows the position of the sesamoid
bones relative to the head of the first MT bone and their degree of migration
laterally. Sesamoid bones in a healthy foot are projected symmetrically onto the
head of the first MT bone and do not normally emerge from the head shadow
(Figure7) [5, 6].

The angle of pronation of the first MT bone is the angle that closes the line extend-
ing through the dorsal surface of the medial and lateral sesamoid with a horizontal
line (Figure 8).

1.6 Treatment

Before making any decision on operative treatment, in patients with initial and
moderate hallux valgus deformity, it is necessary to try non-operative treatment.

Figure 6.
Radiographic representation in the lateral projection of the angle of inclination of the fivst MT bone.
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Figure7.
Radiographic representation of the position of sesamoid in tangetial projection.

Pronation angle of Ist
metatarsal bone I

Figure 8.
Radiographic representation in tangential projection of the pronation angle of the first MT bone.

1.6.1 Non-operative treatment

Non-operative treatment of hallux valgus gives the best results at the very begin-
ning of the formation. Treatment of bunion foot should begin with the elimination
of the most common external cause that leads to the development of deformity due
to uncomfortable footwear. Footwear should be suitable for the feet, made of leather
with a wider rounded front and preferably laced with a heel height of 2.5 cm. The
aforementioned footwear with the wearing of orthoses can somewhat slow down the
development of deformities.

When the valgus hallux becomes so painful that, despite all the conservative
treatments taken, it threatens the function of the foot as a whole, a plan for surgical
treatment is made.

1.6.2 Operative treatment

Due to the limited effectiveness of non-surgical procedures, the treatment of
deformities in most cases ends with surgery [7].

The existence of a large number of surgical methods in the treatment of bunion
foot clearly shows that there is no single method that can solve all clinical variants
of this disease [8]. Each patient should be observed individually, as well as the feet
of the same patient. The choice of method to be used in the surgical treatment of
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deformities depends on several factors: the size of HVA and IMTA, the presence of
arthrosis of the MTF joint, the position of sesamoids, the movement of the thumb,
persistent comorbidities, the age of the patient. A very important segment when
deciding on the type of surgical technique that will be applied to a given deformity is
the experience of the orthopedist, that is, his mastery of certain surgical methods.

To date, a number of surgical techniques have been described, which can be
divided into two basic groups of surgical interventions: surgical techniques, where
only soft tissues are used to correct deformities, and surgical procedures that, in addi-
tion to soft tissues, also affect the bone and joint systems.

In 1856, Volkman described the first operative technique for the treatment of
hallux valgus deformity [9]. In 1881, Reverdin used distal MT osteotomy and medial
resection of the exostosis from the head of the first MT bone to solve hallux valgus
deformity. As early as 1933, Verbrugge claimed that there were 152 surgical techniques
for correcting deformities in hallux valgus [10].

Deformity of the valgus hallux can be divided into five main groups for the
purpose of an appropriate surgical treatment strategy [2]:

1. Deformity with the congruent joint,

2. Deformity with the incongruent joint,

3. Deformity with arthritic changes in the first MTF joint,

4. Deformity with unstable (loose) first metatarsocouneiform joint, and
5.Juvenile hallux valgus.

The extent of the deformity can be further divided into three groups:
1.Initial (mild) deformity, in which HVA is 15-30°, and IMTA 9-13°

2.Moderate (medium) deformity, in which the HVA is from 31 to 40°, and the
IMTA from 14 to 20°

3. A severe deformity, in which HVA * 40°, and IMTA * 20° [8]

In addition to the above classification of the hallux valgus, it should be borne in
mind the possibility of the existence of only an isolated prominence of the medial
part of the head of the first MT bone as well as the existence of the hallux valgus
interphalangeus.

It is very important for orthopedists to follow the above indications for the surgi-
cal treatment of hallux valgus deformity, which is not always the case in practice.
Often, surgeons operate on patients with the method they know best, and not with
the method that, according to the algorithm recommended in the treatment of hallux
valgus deformities, they should. This approach can have its ups and downs.

The bad thing is that if you do not follow the previously mentioned principles of
surgical treatment, it can happen that the deformity is not corrected to the desired extent
with the appearance of accompanying complications. As a possible advantage of such an
approach, the surgeon has less possibility of making mistakes by doing a similar method.
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When working with patients, an individual approach is very important. For each

patient individually, in accordance with the set indications, an appropriate method
for surgical care of the bunion foot is applied.

1.6.2.1 Soft tissue operations
If an attempt at non-surgical treatment of hallux valgus is unsuccessful, and the
existing deformity is flexible, that is, it can be manually corrected, soft tissue surgical

procedures are performed to achieve a satisfactory functional and esthetic result, if
the following conditions are met:

o If the valgus hallux is an angle between 20° and 35°.

* Anangle of less than 15°

Valgus INTF angle less than 15°

If the MTF of the thumb joint is without degenerative changes [11].

1.6.2.2 Operations on bone tissue

Bone surgical procedures are performed when, on the basis of a detailed clinical
and radiographic examination, it is estimated that soft tissue surgical procedures
cannot achieve the desired result. There are a number of surgical procedures in which
osteotomy is used in the correction of deformities and which can be divided into:

* procedures performed on the proximal phalanx of the thumb,
* distal osteotomy of the first MT bone,
* osteotomy of the body of the first MT bone,

* and osteotomy of the base of the first MT bone.
1.6.2.2.1 Procedures on the proximal phalanx of the thumb

In 1904, Keller described a technique for correcting hallux valgus.

The essence of the operation itself is the resection of the medial bone prominence
on the head of the first MT bone and the resection of the base of the proximal pha-
lanx of the thumb with stabilization of the resected phalanx with Kirschner’s needle
(Figure 9) [12].

In 1925, in patients with minor deformities where the angle of the hallux valgus
is 15°-30°, and the intermetatarsal angle is 9°~12°, after removal of the medial bone
prominence and tenotomy of the adductor hallucis, Akin performed a wedge-shaped
basal osteotomy of the proximal phalanx of the thumb with the base of the wedge
toward the medial with the fixation of the fragments with Kirshner’s needle [13]
(Figure 10).
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Figure 9.
Sketch of proximal phalanx resection arthroplasty (Keller).

Figure 10.
Osteotomy of the proximal phalanx of the thumb according to Akin (sketch).

1.6.2.2.2 Distal osteotomy of the first metatarsal bone

There are a large number of distal metatarsal osteotomies. Indications for which
they are used are initial and moderate hallux valgus deformity.

In 1881, Reverdin was the first to describe a distal, closed wedge-shaped osteotomy
of the first MT bone (Figure 11).

Figure 11.
Reverdin’s distal osteotomy of the first MT bone (sketch,).
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As part of the surgical method according to Reverdin, a resection of the deformed
part of the head of the first MT bone was performed, which will otherwise become a
common practice in all future surgical methods in the treatment of hallux valgus [14].

In 1920, Roux described a closed distal osteotomy that has a trapezoidal shape at
its base. Proximal osteotomy extends across the entire width of the MT bone, while
distal osteotomy is incomplete. The formed tooth formed after these osteotomies
gives stability to the osteotomized fragments (Figure 12) [15].

In 1931, Peabody corrected the hallux valgus by moving the closure osteotomy
slightly more proximal than Reverdin did (Figure 13) [1].

Another modification of Reverdin’s osteotomy is distal L osteotomy or Eeverdin-
Green osteotomy (Figure 14) [16].

In 1923, Hohmann introduced a procedure that underpins trapezoidal osteotomy,
but unlike the Roux procedure, the proximal and distal arms of Hohmann’s osteotomy
extend through the entire circumference of the MT bone (Figure 15) [17].

In 1974, Johnson and Smith introduced derotation, angulation, transposition
osteotomy, or DRATO osteotomy (Figure 16) [18].

Figure 12.
Distal osteotomy of the first MT bone—Roux (sketch).

Figure 13.
Distal osteotomy of the first MT bone—Peabody (sketch).
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Figure 14.
(A and B) Sketch of the distal osteotomy of the first MT bone—Eeverdin-Green (A—sketch in the antervoposterior
plane, B—sketch in the lateral plane).

Figure 15.
Hohmann distal MT osteotomy (sketch,).

Figure 16.
DRATO osteotomy (sketch).

In 1958, Mitchell introduced his osteotomy [19], and in 1974, Miller made a
modification of it. Miller performed the osteotomy in relation to the axis of the foot in
contrast to Mitchell, who performed the osteotomy in relation to the axis of the first
MT bone (Figure 17) [20].
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Figure 17.
Miller’s distal MT osteotomy (sketch,).

Lndbren and Turan described transverse osteotomy. The cutting line of the MT
bone extended at an angle of 30° to the transverse line located at right angles to the
line passing through the middle of the first MT bone (Figure 18) [21].

Austin introduced his ostetomy in 1981. The osteotomy has two horizontal sections
at a cutting angle of 60° (Figure 19) [22].

Chervon osteotomy is a V-shaped distal MT osteotomy with a cutting angle of
60°, whereby the arc of the angle is 10 mm from the articular surface of the head of
the first MT bone. After a lateral displacement of the head of 5-7 mm and additional
resection of the diaphysis of the first MT bone, the stability of the obtained position is
ensured by a Kirschner needle or a resorptive screw (Figure 20) [23].

Johnson modified the Chervon osteotomy by lengthening its lower arm, which
made it easier to place the stabilizing screw (Figure 21).

In valgus deformities with the congruent joint, Johnson also introduced an addi-
tional subcapital closure osteotomy with a wedge base medially of 2 mm in order to
correct the distal metatarsal articular angle (DMAU) [8].

Figure 18.
Transverse distal MT osteotomy according to Lindbren and Turan (sketch).
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Figure 19.
Austin’s distal MT osteotomy (sketch).

Figure 20.
Chervon distal MT osteotomy (sketch).

Figure 21.
Johnson modification of Chevron osteotomy (sketch).

1.6.2.2.3 Osteotomy of the body of the first metatarsal bone

Ludolph’s osteotomy was described in 1918. It is an oblique osteotomy of the body
of the first MT bone, where the stability of the osteotomized fragments is achieved
with one screw and two Kirschner needles [24].

In 1963, Wilson introduced an oblique osteotomy in the distal part of the body of
the first MT bone with a direction of extension from the distal-medial to the proxi-
mal-lateral side at an angle of 45 degrees, which, after dislocation of the fragments,
corrects the varus position of the first MT bone (Figure 22) [25-32].

A scarf osteotomy is a Z-shaped osteotomy of the diaphysis of the first MT bone
with a cutting line that runs downwards and laterally. It allows for further shortening
or lengthening of the first MT bone by proximal-distal displacement of fragments.
After osteotomy, the new position is secured by fixation with two screws (Figure 23)
[11, 33].
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Figure 22.
Wilson’s osteotomy of the body of the first MT bone (sketch,).

Figure 23.
Scarf osteotomy of the diaphysis of the first MT bone (sketch,).

1.6.2.2.4 Proximal (basal) osteotomy of the first metatarsal bone

Basal osteotomy is used for moderate and major deformities, but only if the MTF
joint is not arthrotic altered. They are operated at 10-15 mm distal to the MTF joint.

A very small displacement of the first MT bone at its base after osteotomy achieves a
significantly greater displacement in the distal part toward the lateral. There are sev-
eral described techniques of proximal osteotomy. In all proximal osteotomies, medial
resection of bone prominence should be performed with thumb adductor tenotomy and
medial capsulorrhaphy. All proximal osteotomies require stabilization of the corrected
position by applying Kirschner needles, screws, or specially designed plates [34-36].

In 1923, Trethowan described an open wedge-shaped osteotomy at 1 cm from
the base of the first MT bone [37, 38]. In recent years, proximal chevron osteotomy
[39-43] has been used in the correction of deformities.

Of the proximal osteotomies of the base of the first MT bones, in addition to open
and closed wedge-shaped osteotomies, among which is Golden’s osteotomy, which
will be described in more detail under the subheading Material and Methods [44-52].
Osteotomies with opening lengthen and wedge-shaped osteotomies with closure lead
to shortening of the first MT bone.

A semicircular proximal osteotomy of the base of the first MT bone with a con-
vexity proximally allows for greater movement of the distal fragment than other
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osteotomies. After osteotomy and correction of deformities, the osteotomized frag-
ments are fixed. Semicircular or semi-arcuate osteotomy does not result in a change in
the length of the first MT bone (Figure 24) [53].

Arthrodesis of the MTC joint (Lapidus) is a surgical procedure that achieves
correction of even the most severe deformities. After cutting the wedge with the base
laterally and plantarly, stabilization, of the previously denuded surfaces of the MT
and the cuneiform bone, is achieved with two screws (Figure 25) [54].

1.7 Distal metatarsal osteotomy according to Mitchell

The initial incision in the Mitchell method begins on the dorsomedial side of the
foot, in the middle of the proximal phalanx, and is directed distally, passing through the
exostosis and ending 3 cm proximal to the MTF joint on the medial side of the MT bone.
Caution should be exercised to avoid the extremities of the medial part of the medial part
of the peroneus superficialis. With a sharp dissection, an exostosis covered with a capsule
and bursa is identified. It then begins with a Y-shaped capsule incision on the dorsome-
dial edge of the MT joint that points toward the medial line where the exostosis and the
body of the MT bone meet. This incision arm is usually 10-15 mm long depending on the
size of the exostosis and the length of the first MT bone. The plantar arm of the incision
is of the same length and is directed from the plantar-medial part of the MT joint to the
median line of the MT bone. The straight part of the incision is directed proximally and
extends along the medial line from the junction of the head and diaphysis along the body
of the MT bone in the length of 15-20 mm. Then, the resected wings of the capsule are
lifted to get an insight into the MT joint.

Care should be taken not to damage or remove parts of the capsule, given the
subsequent role of the capsule in stabilizing and correcting the valgus hallux.

1.7.1 Elimination of exostosis

A parasagittal depression and the junction of the exostosis with the body of the
MT bone are identified, which are marked by the osteotome as an orientation point.
Using the same osteotome, exostosis is removed starting from the dorsal wing of the
parasagittal groove. Osteotomy is directed proximally, plantarly, and slightly medially
toward a previously marked portion of bone.

Exposure of the body and neck of the MT bone and placement of orientation
openings.

The periosteum is lifted dorsally and plantar to visualize the dorsal portion of
the neck and the distal 2-3 cm of the body of the MT bone. The lateral part of the

Figure 24.
Semi-arched proximal (basal) osteotomy—Mann (sketch,).
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Figure 25.
Lapidus arthrodesis of the MTC joint (sketch,).

capsule of the head and neck of the MT bone is not resected because it contributes to
the blood supply to the head of the MT bone. With a small drill or Kirschner needle,
two parallel canals are drawn through the body of the metatarsal bone, directed from
dorsal to plantar, wide enough for the thread to pass 1-0. The first canal is formed on
a longitudinal line representing the middle of the dorsal side of the first MT bone,
approximately 1.5 cm proximal to the distal edge of the articular surface of the head
of the MT bone and directed toward the medial cortex. The second canal is made

1 cm proximal to the first canal, but is directed toward the lateral cortex of the body
of the MT bone. An absorbing, monofilament thread of 1-0 size is threaded through
the canals so that it can be tied on the dorsal side. The first osteotomy is performed
distally, parallel to the medial border of the neck of the MT bone, 3-4 mm proximal
to the distal canal located 1.5 cm from the MTF joint. This osteotomy is not complete
and should leave 3-6 mm of the lateral part of the body intact. The width of the lateral
spike depends on the extent of correction required to relax the soft tissue structures
of the MTF joint. In other words, it depends on the size of the deformity. If the IMA
is 10°-12°, 3-4 mm of the width of the spike is sufficient, and if the IMTA is 13°-15°,
5-6 mm of the width of the spike is required. The second osteotomy is performed in
the same direction, parallel to the first osteotomy starting medially, 3-4 mm proximal
to the first incision. This osteotomy is complete and passes through the lateral cortex
of the MT bone. The direction of delivery of the third osteotomy is which is done at
an angle of 90° with respect to the previous two osteotomies is from the lateral end of
the incomplete distal osteotomy to the proximal osteotomy. The resulting fragment
3-4 mm wide of bone is removed from the distal fragment (Figure 26).

Upon completion of the osteotomy and the formation of the lateral spike, the
entire capital fragment is manually moved laterally until the bone spike rests
against the lateral cortex of the proximal fragment. With this maneuver, the MT
bone is shortened by 5-6 mm, the varus deformation of the MT bone is reduced,
the articular structures are aligned, and the adductor hallucis muscle is relaxed.
The capital fragment is plantarically flexed and the sutures are fixed. Before clos-
ing the capsule, the medial prominent part of the bone on the proximal side of the

Figure 26.
Mitchell operative technique (sketch in the horizontal plan).
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osteotomy is removed so that the medial edges of the fragments are in line. Medial
capsulorrhaphy is performed in the varus position of the thumb of 5° and in plan-
tar flexion. In the postoperative course, the patient is immobilized. Immobilization
is placed to avoid angulation of fragments or their displacement in the dorsal direc-
tion. Standing up and walking with the help of armpit crutches without support
on the operated foot is allowed on the first postoperative day. Partial support is
allowed for 3 days and full support for 2 weeks after surgery. Immobilization is
carried until the osteotomy heals, which is controlled by radiographic and clinical
examination. Immobilization is removed 5 to 6 weeks after surgery and begins
with physical rehabilitation [55]. Radiographic control of the operated foot after
surgery is shown in Figure 27.

1.8 Proximal metatarsal osteotomy according to Golden

Proximal osteotomy according to Golden was performed according to the original
technique with minimal modifications. The first longitudinal soft tissue surgical
incision is made at the level of the MTF joint between the heads of the first and
second MT bones and the tenotomy of the thumb is made. The second longitudinal
soft tissue incision is made on the medial side at the level of the first MTF joint and
continues proximal to the MTC joint, slightly moving to the dorsal side. The exostosis
is removed from the head of the first MT bone, leaving the entire articular surface.
Then, 10 mm distal to the MTC joint, a wedge osteotomy is made with the base
outward and inferiorly. The first osteotomy is transverse and runs its entire length at
10 mm from the first MTC joint, and the second oblique shorter than the first oste-
otomy by 2-3 mm and with distal osteotomy forms an angle of 10° open laterally and
proximally. The third osteotomy extends at right angles to the second and ends at the
extreme lateral point of the first osteotomy, forming a wedge-shaped dentition on the
lateral side of the base of the first MT bone, for the angle of correction of the hallux
valgus (Figure 28).

The osteotomy site is then fixed with a Kirschner needle in the corrected position.
It is placed below the medial incision through the skin into the bone, at the level of the
distal part with the direction of extension from the medial side to proximal and lateral
through osteotomized fragments to the cuneiform bone (Figure 29).

After the surgical treatment is completed, the feet are radiographically monitored
(Figure 30).

Figure 27.
Radiograph of hallux valgus before surgery (A), postoperative image of Mitchell’s osteotomy (B), and image
2 years after surgery (C).
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Figure 28.
Operative technique according to Golden (sketch in the horizontal plane).

Figure 29.
Presentation of Golden’s osteotomy after surgery performed on both feet in one act.

The results were also assessed according to the Hallux Metatarsophalangeal
Interphalangeal Score (HMIS) [56] (Scale 1) and according to the criteria of the
Bonney and Mc Nab classification modified according to Hellal [57]. Also, the analy-
sis of the results was done on the basis of pre- and postoperative determination of
HVA, IMTA, sesamoid position and length of the first MT bone, using radiographic
dorsoplantar and profile images of the foot at support, and then based on the move-
ment of the thumb in the MTF joint, the length of postoperative immobilization, the
duration of treatment, and the existence of complications (infection, recurrence, and
metatarsalgia).

On the radiographic image in the horizontal plane (radiographic image from
the face), the position of the sesamoid is determined on the basis of the position of
the medial sesamoid in relation to the longitudinal axis passing through the middle
of the first MT bone and is represented by values from 0 to 3 (0—physiological posi-
tion, the position of the medial sesamoid on the medial side of the longitudinal axis
passing through the middle of the first MT bone, 1—less than 50% of the sesamoid
bone is projected lateral to the longitudinal axis of the first MT bone, 2—more than
50% of the sesamoid bone is projected lateral to the longitudinal axis of the first MT
bone, and 3—Ilateral luxation of the medial sesamoid is entirely lateral to the longitu-
dinal axis of the first MT bone) (Figure 31) [58].

Higher values of the position of the medial sesamoid indicate a greater degree of
deformity [59].

Dorsoplantar movement in the first MT joint before and after surgical treatment
was determined by a goniometer.
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Figure 30.
Preoperative radiograph of hallux valgus (A), postoperative image of Golden osteotomy (B), image 2 years after
surgery (C).

Figure 31.
Sesamoid position values.

2. Discussion

In the surgical treatment of hallux valgus with moderate deformity (HVU from
25 to 40 and IMTU from 13 to 20), distal and proximal osteotomies are used, allow-
ing the correction of most components of the deformed foot [10]. Distal metatarsal
osteotomy is very popular among orthopedic surgeons due to its simplicity, low
invasiveness, and very low complication rates. Proximal metatarsal osteotomy can
achieve significant correction of the deformity, but it is technically demanding to
perform, and due to the presence of two surgical incisions, there is a higher risk of
infection in operated patients [60]. Both distal and proximal osteotomies, which
require the use of osteofixation materials such as screws, Kirschner wires, or mini-
plates, potentially increase the risk of infection. Reverdin was the first surgeon
in 1881 to treat hallux valgus with distal MT osteotomy and medial resection of
the exostosis [14]. Generally, proximal MT osteotomy is recommended for severe
hallux valgus deformities (HVU greater than 40 and IMTU greater than 20). Distal
metatarsal osteotomy is recommended for mild hallux valgus deformities (HVU
less than 25 and IMTU less than 13) [10]. However, many researchers have reported
the successful use of metatarsal osteotomies in the treatment of hallux valgus
deformities outside of the recommended indications. Robinson, Sargas, and Adam
reported successful and different techniques of proximal osteotomy for moderate-
to-severe hallux valgus deformities [61-63]. Bai reported a series of effective
distal MT osteotomies for 76 moderate-to-severe hallux valgus deformities, with
a very low incidence of complications [37]. On the other hand, Saro analyzed 100
patients with moderate-to-severe hallux valgus who underwent various techniques
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of distal MT osteotomies and recommended the procedure only for patients with
mild-to-moderate deformities [38]. Chucpaiwong states that only Deenik compared
distal MT osteotomies for moderate-to-severe hallux valgus deformities in their
study, but without reporting different outcomes in a randomized comparison of
distal and proximal osteotomies in patients with hallux valgus [64]. According to
Chucpaiwong, Deeniks conclusion regarding whether to perform distal or proximal
MT osteotomy for moderate-to-severe hallux valgus deformities remains controver-
sial due to the small sample size [60, 64]. Therefore, further research is needed to
determine whether distal MT osteotomy is suitable for treating moderate-to-severe
hallux valgus deformities [64].

There are a limited number of studies comparing distal with proximal MT
osteotomies. Bostan and associates, in their study comparing distal and proximal
osteotomies in combination with distal soft tissue procedures, concluded that, due
to similar clinical results (measured by AOFAS) and similar radiological outcomes
(HVA, IMTU, sesamoid position, and shortening of the first MT bone), the modified
distal MT osteotomy according to Lindgren-Turan has an advantage over proximal
MT osteotomy in combination with soft tissue procedures due to the use of a single
incision, simpler surgical technique, and shorter operative time [65]. A prospective
randomized controlled study conducted by Lee aimed to compare the outcomes of
proximal and distal osteotomies with soft tissue procedures performed synchro-
nously in one operation in patients with bilateral deformities, and found that distal
Chevron osteotomy with distal soft tissue procedure is reliable for correcting mod-
erate-to-severe hallux valgus, just as proximal Chevron osteotomy with distal soft
tissue procedure is [66]. This study showed that indications for distal MT osteotomy
could be extended to include moderate-to-severe deformities [67]. Although they
emerged three years apart, Mitchell’s method (1958) and Golden’s method (1961)
have not gained the same popularity in the treatment of hallux valgus, with Mitchell’s
method being more widely adopted [56, 67, 68]. Mitchell osteotomy is used for mild-
to-moderate deformities, and the percentage of satisfactory results with this method
ranges from 85% to 97% [58, 69]. Golden’s osteotomy, like other osteotomies of the
first MT base, combined with soft tissue procedures at the first MTP joint, achieves
good to excellent results [34, 47]. There is no literature comparing these two methods
directly. One limitation of this study could be that multiple surgeons performed the
procedures and that two different procedures at different locations on the first MT
bone were compared.

Nonoperative treatment for moderate-to-severe hallux valgus is generally insuf-
ficient, and treatment outcomes are better if the patient undergoes surgery early in
the disease course, before arthritic changes occur in the first metatarsophalangeal
joint. Prior to surgery, the overall status of patients in the Mitchell group, classified
according to Bonney and McNab modified by Hellal, was rated as poor for all feet.
Postoperatively, in the Mitchell group, the overall status improved in 78 (96%)
feet (p<0.001). According to HMIS, improvement was observed in 79 (97.5%)
feet (p<0.001). The improvement achieved represents a combination of excellent
and good results, which correlates with the results reported by other authors [70,
71]. In the Golden group, the overall status before surgery, classified according
to Bonney and McNab modified by Hellal, was poor for all feet. In that group, the
overall status improved in 71 (92.2%) feet (p<0.001), and according to HMIS, it
improved in 79 (97.4%) feet (p<0.001). Golden reported successful results in 78%
of patients [56]. In patients treated with Mitchell’s method, the average correction
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of HVU was 21.85+2.15° and IMTU was 7.83+1.07°, which matches the results of
most authors, who report HVU correction of 10-25° and IMTU correction of 5° to
10° [69, 72-74]. In patients treated with Golden’s method, the average correction
of HVU and IMTU was 19.66+3.31° and 6.86+1.69°, respectively, which is 2.19°
and 0.9° less than Mitchell’s method. The obtained values are similar to the results
reported by other authors [75, 76].

Malik and Methison emphasize that in assessing hallux valgus deformity, in
addition to radiographic images and IMTU, the position of the sesamoids plays a very
important role [77]. The position of the sesamoids in patients treated with Mitchells
method changed from position 2 to position 0, while in the Golden group it changed
from position 2 to position 1. Some authors emphasize the very important role of
shortening the first MT bone in deformity correction [78]. The shortening of the first
MT bone in Mitchell’s procedure was 4.87+7.20 mm, while in Golden’s procedure it
was 2.97+7.70 mm. According to some authors, excessive shortening of the first MT
bone can be one of the most important factors in the development of metatarsalgia
[79]. Merkel suggests that shortening of the bone by more than 10 mm can cause
metatarsalgia [74]. Baba points out metatarsalgia in patients with shortening greater
than 8 mm and persistent pain in patients with shortening greater than 10 mm [71].
Some authors disagree with the concept that metatarsalgia is linked to shortening the
first MT bone [53, 78]. In this study, it was found that preoperative metatarsalgia was
present in 51% of feet in the Mitchell group and in 53% of feet in the Golden group.
Other authors report preoperative metatarsalgia in 33% to 40% of patients [7, 80].
Postoperatively, metatarsalgia was present in 13 feet (16%) in the Mitchell group and
in 18 feet (23%) in the Golden group. Some authors report postoperative metatar-
salgia in 27% of cases [81]. This study did not find a correlation between shortening
of the first MT bone and the development of metatarsalgia. In patients treated with
Mitchell’s method, recurrence occurred in one foot, and superficial infection in two
feet. Recurrence in patients treated with Golden’s method occurred in three feet,
and superficial infection in five feet. The use of sutures to maintain position after
Mitchell’s distal metatarsal osteotomy eliminates the need for a second intervention
(removal of foreign body) and thus reduces the risk of infection. In Golden’s method,
the Kirschner wire used to stabilize the osteotomy is removed after 5 weeks, which
prolongs the treatment, requires an additional intervention, and increases the risk
of infection. The risk of infection is lower with Mitchell’s method due to the use of a
single incision for deformity correction (Golden’s method uses two surgical incisions).
No other complications such as nonunion of the osteotomy site, pseudoarthrosis,
avascular necrosis of the first MT head, or thrombophlebitis were noted [82-85].

Pain resulting from the deformity that impedes usual life activities is the primary
reason patients opt for surgical treatment. In 90% of patients treated with Mitchell’s
method, pain disappeared. These results are comparable to those of other authors who
reported complete pain relief in 80-95% of operated patients [55, 86, 87]. In patients
treated with Golden’s method, pain disappeared in 78% of patients, which correlates
with the results reported by Golden in his study [67].

3. Conclusion

The study showed that both Mitchell’s and Golden’s osteotomies achieve good
clinical and radiographic results in the treatment of bunions of moderate degree of
deformity.
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Chapter 10

Technological Advances in
Maxillofacial Surgery: Function
and Esthetics

Ji Youn Maeng and Jin Young Choi

Abstract

What defines a “naturally” esthetic face? Can natural beauty be comprehensively
understood through scientific analysis? What systematic efforts can be made to
ultimately achieve natural beauty? In previous years, the management of facial asym-
metry to satisfy both function and esthetics has posed a paramount challenge to many
maxillofacial surgeons. With the collateral developments of imaging technologies,
virtual surgical technologies, and CAD/CAM technologies, unprecedented accuracy
and precision have been achieved in osteotomies. With advances in maxillofacial
osteotomies that have already been made, it is more important to establish different
standards for application and to continuously scrutinize potential errors in current
technologies.

Keywords: facial asymmetry, 3D virtual surgery, CAD/CAM technology, orthognathic
surgery, contouring surgery

1. Introduction

It is of human nature to pursue attractiveness; an attractive face is a mixture
of facial harmony and symmetry. Symmetry and harmony have some subjective
components, and minor deviations from the norm are not always subject to change.
Disharmony or asymmetry to a certain degree is accepted as normal, and cultural
standards on beauty vary as well [1].

Apart from postoperative complications, the determination of surgical success
relies heavily on the patient’ satisfaction with his or her morphological correction.
Because facial asymmetry (FA) and surgical changes from the frontal view are rela-
tively more conspicuous than those from the lateral view, patients naturally care more
about maxillofacial disproportions and asymmetry from the frontal view; improve-
ments from the frontal view are of primary importance to patients in subjectively
evaluating an esthetic aspect of the operation.

Compared to the past, patients are more demanding in perfecting symmetry
or removing deformities of facial contour, and therefore so have technological
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advances and surgical efforts to achieve esthetically pleasing face. Treatment
plans must, therefore, satisfy functional as well as esthetic demands of patients.
Maxillofacial osteotomies to restore skeletal esthetics and function can be divided
depending on purpose: transverse correction and vertical correction. Transverse or
horizontal correction focuses on establishing symmetry of the right and left sides.
Protrusion of the zygoma and frontal ramal inclination (FRI) of the mandible are
important factors that determine the symmetry of the facial contour. Vertical cor-
rection makes changes to the lower thirds of the face to establish harmony among
the vertical thirds of the face. Vertical correction concerns not only the compara-
tive proportion of the mandible but also the different vertical ramal heights of the
right and left mandible.

Facial asymmetry (FA) is a difference between the right and left sides. Because
there are multiple aspects of FA (i.e., transverse, vertical, positional asymmetry)
and different factors (i.e., soft tissue, hard tissue—zygoma, maxilla, mandible)
involved, knowing what is and what is not subject to surgical correction is
important. In other words, disciplined diagnosis and understanding the limita-
tions of surgical correction are critical in establishing an appropriate treatment
strategy. For example, unilateral craniosynostosis can result in horizontal asym-
metry of the mandible. However, horizontal asymmetry of the mandible due to
mediolaterally different positions of the right and left mandibular fossa cannot
be fundamentally fixed. FA due to such difference must be compensated through
contour surgery instead. In most FA cases, a similar flow of treatment strategy can
be followed.

Analysis of facial asymmetry of the maxillomandibular complex should precede
the asymmetry of the zygoma. Analysis of the complex can be done in a top-to-
bottom manner. Maxillary dental canting and midline deviation must first be looked
at. Slight deviation or asymmetry of less than 2 mm can be ignored because such
insignificant differences are often inconspicuous to laypersons [2, 3]. Orthognathic
surgery (OGS) should be chosen for FA involving significant positional asymmetry of
the maxilla. For FA cases with insignificant maxilla asymmetry, differences in frontal
ramal inclination (FRI) of the mandible should be analyzed. FRI can only be cor-
rected through an intentional change of FRI with mandible osteotomy. For FA cases
that have none of the above, simple contouring surgery can be chosen as a treatment
strategy (Figure1).

[Facial asymmetry|

Maxillary dental canting >2mm
Maxillary dental midline deviation >2mm

Y/ \No

[Difﬁ:rcncc in frontal ramal inclination (FRI) I

Bimaxillary
0GS Yes No
1-jaw surgery Contouring
(BSSRO) surgery

Figure 1.
Flow diagram of surgical strategy according to facial asymmetry of maxillomandibular complex.
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2. Orthognathic surgery (OGS) for facial asymmetry (FA)
2.1 Adjuvant technological advances
2.1.1 Imaging and virtual surgical planning

A reproducible and objective method of measurement is necessary for accurate
treatment planning. In previous years, two-dimensional radiographs were utilized for
the measurement of ramal heights. Although skeletal landmarks such as gonion (Go)
and highest point of condyle head (Co) were used, accurate bilateral measurements to
compare ramal height differences were not easy and susceptible to inter- and intra-
observer errors. Measurements on two-dimensional radiographs show limitations
due to magnified and angled projection of radiographic images, leading to inaccurate
diagnosis of skeletal asymmetry [4]. Technological developments in cone-beam
computed tomography (CBCT) imaging provide craniofacial imaging that is not
magnified or distorted. Such high-resolution imaging advancements have facilitated
accurate three-dimensional evaluation of complex facial asymmetry [5]. However,
because compensatory postures of patients during examination or imaging are
inevitable, re-orientation of three-dimensional skull images to determine true natural
head position must precede skeletal assessment or treatment planning [1].

Results of different surgical osteotomies can be explored on the virtual skull
model, and the most appropriate treatment plan can be selected after comparing
postoperative images of the virtual skull models. Such images can also be used as
avisual aid during communication with the patient, which helps understand the
patient’s expectations from the surgery.

2.1.2 CAD/CAM technology (printed surgical guides and plates)

One possible problem that can be encountered in a surgery requiring osteotomy or
resection is that the amount to resect can differ depending on anatomical landmarks
and measuring methods set by the surgeon in the field. Printed surgical guides to
mark osteotomy line can help remove human error and accurately transfer surgical
plan to the field. Printed surgical guides are fabricated to reflect the exact location of
osteotomy, bony amounts to be removed, and plate hole locations on adjoining bony
surfaces (Figure 2A). In other words, all information of the surgical treatment plan is
comprehensively included.

Plates for the fixation of osteotomized segments can also be customized in its
design (Figure 2B). Hole positions of plates can be pre-determined according to
surgical plan, to allow intimate fixation of osteotomized bone segments. Plate hole
position can be set to avoid brittle or thin bone during the virtual surgical planning
process, further allowing sturdy fixation of the osteotomized segments. Because the
shape and hole locations of each individual plate reflect the contour of the specific site
near osteotomized hard tissue, customized titanium plates can be utilized to confirm
that surgery has been carried out as planned [6].

2.2 Frontal ramal inclination (FRI)

Differences in frontal ramal inclination (FRI) of the left and right sides are com-
monly observed among facial asymmetry patients. Simple bimaxillary OGS involving
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Figure 2.
Designs of surgical guides and plates on virtual skull model.

correction of maxillary canting and positional adjustment of the mandible distal
segment does not solve facial asymmetry (Figure 3A). Intentional change of FRI can
be performed for restoration of facial symmetry. FRI can be changed by medially or
laterally rotating the proximal segment of the mandible, with the center of rotation
fixed at the condyle head (Figure 3B). The amount and direction of FRI change can
differ on the right and left sides depending on the type of FA.

Intentional change of FRI through conventional two-dimensional analysis or con-
ventional OGS is extremely difficult and inaccurate. Virtual surgical planning (VSP)
using a 3D virtual skull model and computer-assisted design/computer-assisted
manufacturing (CAD/CAM) technology is fundamental in planning and carrying
out precise restoration of facial symmetry. On a 3D virtual model, FRI can be inten-
tionally adjusted to restore the symmetry of the right and left sides. The proximal
segment of the mandible can be rotated medially or laterally, with the rotation center
fixed at the most superior point of the condylar head [7].

During the actual intentional change of FRI, special attention should be paid to
avoid anteroposterior or mediolateral movement of the condyle head. Large setback
on the long side of the mandible, and advancement or minimal setback on the

Figure 3.

Intentional change of FRI for symmetry of right and left sides. A: Different FRI of vight and left sides before
adjustment, B: Right proximal segment was laterally rotated for a decrease of FRI, and left proximal segment was
rotated medially for an increase of FRI.
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shorter side, in combination with intentional FRI change, inevitably creates bone
interferences between proximal and distal segments. Most premature bone contact

is observed in the posterior areas of the shorter side. Bony interferences between
proximal and distal segments of the mandible prevent passive fixation of the seg-
ments, inducing lateral shift of the condylar head. Change in condylar head position
can hinder accurate FRI change due to change in rotation center. Therefore, bony
interferences between mandible segments must be checked before fixation, especially
in FA cases where significant changes of FRI are planned.

Long-term stability of FRI change using VSP and CAD/CAM technology has been
proven accurate in a number of studies [7, 8]. Both esthetic and function showed
stable results; no occlusal changes due to significant bone remodeling of the condylar
head were observed, and facial symmetry achieved after intentional change of FRI
also showed esthetically stable morphology.

3. Contouring surgery

Contouring surgery can be performed simultaneously with OGS if necessary or
in two separate operations. An expected advantage of one-time OGS and contouring
surgery is a reduced amount of surgery. Postoperative skeletal changes are stably and
easily predicted using VSP. If possible, both the patient and surgeon would prefer to
reduce the number of surgeries. Single operations of OGS with simultaneous contour-
ing surgery are possible for mild-to-moderate horizontal FA.

In cases where horizontal FA with different frontal ramal inclination (FRI) is
due to fundamentally asymmetrical locations of the mandibular fossa or shape
of the mandibular ramus, OGS alone will not completely resolve the asymmetry
(Figure 4). For severe horizontal FA with such characteristics, separate operation
of contouring surgery is preferred because (1) postoperative soft tissue response
after intentional FRI may camouflage fundamental skeletal differences, remov-
ing the necessity for additional contouring surgery; (2) corticectomy cannot be
done in areas where pre-fabricated plates are meant to be fixed; and (3) uneven

Post-OGS

Figure 4.
Severe facial asymmetry cases will still exhibit asymmetry of skeletal contour after OGS, requiring additional
contouring surgery.
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postoperative soft tissue response can induce additional FA. Regarding soft tissue
changes, the necessity of contouring surgery should be re-evaluated after soft
tissue response becomes stable, especially in cases with non-adjustable skeletal
differences [9, 10].

If the degree of facial asymmetry is severe, comparatively more postoperative soft
tissue changes are expected than in minimal or no facial asymmetry cases. It takes
6-12 months for soft tissue to stabilize after surgery [9]. Likewise, it takes a similar
amount of time for remodeling and stabilization of hard tissue to occur. Postoperative
soft tissue changes are harder to predict than postoperative hard tissue changes
[10]. Because soft tissue changes are unpredictable to a degree, precise and accurate
prediction of postoperative external appearance is also very difficult. This unpredict-
ability reduces the advantage of VSP, which helps accurate deduction of postoperative
morphological changes on virtual preoperative and postoperative skeletal models.
Because postoperative soft tissue changes are less predictable, additional surgery may
be needed due to unexpected remnant asymmetry. Therefore, in severe FA cases, it is
more stable to use two steps. Because it takes time for patients to become accustomed
to their own appearance, it is recommended to evaluate the residual asymmetry and
the necessity of additional treatment after 1-1.5 years postoperatively.

Contouring surgery includes the process of refining uneven contours as well as
correcting residual asymmetry. It has more esthetic purpose than functional purpose.
Although there may be differences in cultural standards of beauty, establishing symme-
try and harmony of the face is, without a doubt, a large common factor in determining
attractiveness [11]. Therefore, although contouring surgery may not have a direct cor-
relation with function including mastication and speech, it still has a significant meaning
in the psychosocial aspects of patients. Skeletal correction can be divided into horizontal
skeletal correction and vertical skeletal correction. In zygoma, malarplasty is mainly
performed for the purpose of horizontal skeletal correction. Because lateral protrusion is
common in the Asian population, zygoma reduction is often performed.

3.1 Malarplasty

Extremely prominent or wide cheekbone is a feature that is often associated with
a “strong” or “stubborn” image in many Asian faces and is often subject to reduction
for esthetic purposes. Convexity of the zygomatic arch and lateral protrusion of
the zygomatic body are responsible for the wide cheekbone. The prominence of the
zygomatic arch can effectively be analyzed from the axial plane, and the prominence
of the zygomatic body can most effectively be analyzed from a 45-degree frontal view.

The fan-shaped temporalis muscle runs medial to the zygomatic arch, originating
from the temporal bone and inserting onto the coronoid process of the mandible.
Bodily and rotational inward movement of the zygoma segment toward the tempo-
ralis muscle inevitably occurs during zygoma reduction. Sometimes, extreme inward
movement of the zygoma arch can cause interference with the coronoid process and
the temporalis muscle. This interference may result in postoperative mouth opening
limitation (MOL). Analyzing comparative location of the zygomatic arch to relevant
anatomy and establishing an appropriate treatment plan can effectively prevent MOL
due to temporalis and/or coronoid process interference [12].

Standardized strategies for zygoma reduction depending on the amount of zygoma
asymmetry are more useful nowadays because the viability of treatment plans can be
tested with patients’ virtual skull model, and accurate transfer of treatment plan is
possible with CAD/CAM technology. The surgical strategy must consider function as
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well as esthetics; mouth opening limitations or unesthetically depressed zygoma bone
are possible results of extreme surgical plans. If asymmetry discrepancies between
the right and left sides are large, it is smarter to consider augmentation of one side
and reduction of the other side instead of establishing an extreme unilateral reduction
that may possibly cause complications.

Different strategies for zygoma reduction can be chosen for unilateral and bilateral
zygoma protrusion, and severity of the protrusion discrepancies (Figure 5). For uni-
lateral protrusion cases, only the protruded side of the zygoma is subject to change. A
minor difference between the right and left sides can be simply fixed through simple
grinding of the protruded portion. However, a conspicuous difference between right
and left sides over 3 mm is subject to osteotomy; unilateral zygoma reduction should
be performed on the protruded side.

A slightly different approach should be considered for bilateral zygoma protrusion.
The bigger the amount of zygoma reduction, the higher the chances that the inwardly
fixed zygoma segment will interfere with the temporalis muscle, potentially causing
MOL. In addition, postoperative soft tissue changes may be more noticeable if the
reduction amount of one side is too great. Therefore, in bilateral zygoma protrusion cases
where discrepancies of right and left sides surpass 5 mm, unilateral zygoma reduction
with a contralateral zygoma augmentation using PSI is highly recommended.

Malarplasty can be performed in conjunction with OGS. VSP can be utilized to
determine the amount of zygoma asymmetry of the right and left sides by mirroring
one side to another and measuring the discrepancy. The mirroring should be done
with facial midline as the reference line. Once the Rt-Lt discrepancy is measured, a
surgical strategy for the zygoma can be chosen. Since results of differential zygoma
reduction can be seen on the virtual 3D model, the most appropriate reduction
amount can be determined after comparison of multiple reduction models. In addi-
tion to the esthetic aspect, surgical stability can also be predicted on the 3D virtual
model; bony contact of segments at the zygomatic arch must be confirmed. When
designing the osteotomy line for zygoma reduction, it is advantageous to position the
osteotomy line where the bone is thick enough for stable plate fixation but not too
thick that osteotomy takes a long time and effort (Figure 6A).

For accurate osteotomy and reduction amounts, surgical guides can be designed
and manufactured with CAD/CAM technology. Because the surgical field for zygoma
body reduction is narrow and dark, the surgical guide should be designed long
enough to cover two-thirds of the osteotomy line to increase the accurate transfer of
the treatment plan (Figure 6B).

Rt-Lt discrepancy

Unilateral bone grinding

Zygoma protrusion

: unilateral ) )
}— Unilateral zygoma reduction

. Bilateral zygoma reduction
Zygoma protrusion

: bilateral Unilateral zygoma reduction

Contralateral PSI augmentation

Figures.
Treatment strategy for vestoration of zygoma symmetry according to the amount of Rt-Lt discrepancy.
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Figure 6.

VSP model for zygoma reduction for symmetry restoration. A: Bilateral zygoma reduction with differential
reduction amount. Arvows indicate the most appropriate osteotomy line, B: Surgical guide design for zygoma
reduction when planned in conjunction with OGS.

3.2 Corticectomy

Transverse skeletal correction of the lower one-third of the face regards horizontal
width from the facial midline to gonion, measured from a frontal view. Corticectomy,
which is a surgical procedure that removes cortical bone of the targeted area, is a use-
ful method for controlling asymmetrical horizontal widths of the mandible angle.

Remnant horizontal asymmetry of the mandible may be observed even after OGS
in cases of (1) significant movements of the hard tissue due to severe maxilla canting or
FRI discrepancies, (2) remaining yaw asymmetry of the mandible, (3) differential soft

Figure7.

VSP model for planning corticectomy. A: Area of corticectomy marked in ved, B: Area of corticectomy marked
in ved, C: A mirvor image of the left side of the mandible is overlapped with the right side of the mandible,
D: Measurements and nevve marking on the virtual 3D model of the mandible.
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tissue response causing facial asymmetry despite achieved skeletal symmetry. Usually,
horizontally wide mandibular morphology is a combination of muscle hypertrophy and
skeletal growth. If muscle hypertrophy is also an additional cause of unilaterally wide
mandible, muscle hypertrophy must be treated prior to evaluation of skeletal cause.

Overlap of a mirror image of the “slimmer” side of the mandible to another helps
visualize the discrepancy between the two sides (Figure 7). On the 3D virtual model,
inferior alveolar nerves of the right and left sides are marked. The 3D virtual model
helps to avoid nerve damage and adjust the surgical plan preoperatively. With VSP,
therefore, viability and results of corticectomy can be predicted.

3.3 Mandibuloplasty

Mandibuloplasty can be performed simultaneously with bimaxillary OGS in cases
where horizontal discrepancy involving FRI is not significant. If mandibuloplasty is
planned to be performed together with mandible osteotomy, mandibuloplasty should
be performed first, followed by splitting of the mandible. Separate osteotomy of
proximal and distal segments is not preferred due to bone bleeding and inaccuracy.
Regardless of whether mandibuloplasty is performed in conjunction with bimaxillary
OGS, the virtual simulation process is identical (Figure 8).

Figure 8.

VSP models for mandibuloplasty. A: mirror image (blue) of right side of mandible overlapped to left side

for asymmetry analysis, B: appropriate osteotomy design to satiate symmetry and prevent nerve damage, C:
preoperative asymmetry of the mandible, D: postoperative symmetry achieved after mandibuloplasty and BSSRO.
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4, Conclusion

Management of facial asymmetry is like a multi-layer intricate puzzle.
Considerations of skeletal, dental, and soft tissue components in horizontal and
vertical planes must be considered in establishing an appropriate treatment plan. In
addition, the treatment plan must satisfy both functional and esthetician objectives.
Management of facial asymmetry, therefore, poses challenges to surgeons.

Various treatment modalities combining bimaxillary OGS with contouring
surgery should be conjointly considered to improve treatment outcomes. Many
technological advances have contributed to the precise management and prediction of
surgery. However, perfect facial symmetry may not be achieved due to fundamental
craniofacial asymmetries or the unknown impact of soft tissue response on treat-
ment outcomes. Such limitations of the current management of FA leave room for
improvement.
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Osteotomy Challenges for Implant
Placement in Posterior Mandible

Ibrahim H. Garoushi, Ramy R. Elbeialy,
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Abstract

The posterior mandibular region poses significant challenges for dental implanto-
logists due to its unique anatomical constraints. This chapter delves into the complexi-
ties of inserting root-form dental implants in this region, focusing on the difficulties
and complications that arise from anatomical considerations. A particular emphasis is
placed on inferior alveolar nerve lateralization (IANL) surgical technique, which has
expanded implant placement possibilities but is also linked with significant risks and
drawbacks. The chapter provides an in-depth review of the history and progress of
IANL methods, including their positive and negative aspects, as well as modifications
made to reduce morbidity and neurosensory abnormalities. Additionally, the author
presents their own integrated strategy for IANL, which combines bone graft com-
paction with collagen membrane nerve shielding to improve postoperative results.
Beyond IANL, this chapter also explores alternative treatment options for the poste-
rior mandibular region, including bone grafting and short implants. These techniques
are crucial for overcoming the limitations imposed by atrophic ridges and promoting
successful implant placement. The chapter concludes with practical advice on how to
overcome these obstacles and achieve good results in this challenging region.

Keywords: posterior mandible, implant osteotomy, inferior alveolar nerve,
short implants, bone augmentation

1. Introduction

Due to the inferior alveolar nerve’s (IAN) near proximity to the alveolar ridge
and the irreversible process of bone resorption that follows tooth loss, placing dental
implants in the posterior mandibular region might be challenging. One of the main
dental concerns that could have a detrimental effect on a patient’s quality of life is the
rehabilitation of patients who are either fully or partially edentulous [1].

A wide range of treatment options is available for patients with severely resorbed
posterior edentulous mandibular ridge depending on the site and patient-related
factors. Implant placement in particular is challenging and thus various treatment
options exist such as the use of short implants or advanced surgical procedures
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(for instance, ridge augmentation or inferior alveolar nerve repositioning). Bone
augmentation using blocks harvested from the patient is associated with increased
cost, time, and the risk of morbidity for an implant-supported prosthesis [2, 3].

The height of bone superior to the mandibular canal in severely resorbed ridges
and the poorer quality in comparison with its cortical counterpart is of insufficient
length for the placement of ideal fixtures. The inferior alveolar nerve lateralization
(IANL) procedure involves the exposure and deflection of the nerve laterally to allow
the placement of longer implants engaging two cortices that provide good primary
stability [4]. However, an attempt to place shorter dental implants will not provide a
bi-cortical implant placement, and there is a high risk of injuring the nerve as a result
of an effort by the operator to maximize the length of the implant [5-7].

Inferior alveolar nerve (IAN) repositioning to allow implant placement is an effec-
tive treatment option indicated in cases with severely atrophied posterior mandibular
ridge. Transposition of the IAN includes the mental foramen in the procedure, while
nerve lateralization is done through a window posterior to the mental foramen [1, 5].

Although the IAN lateralization procedure is an effective treatment option, it
presents several drawbacks as the technique weakens the mandible temporarily and
fracture could occur in association with implant placement. The risk of nerve dam-
age and neurosensory disturbances is another disadvantage of the procedure. An
additional concern about the use of barriers to isolate the implant from the nerve by
resorbable membranes to be of benefit or not is a debate [8, 9].

2. Different treatment approaches
2.1 Posterior atrophic mandibular ridge treatment options

Although an extensively documented procedure, the outcomes of reconstruct-
ing vertically atrophic posterior mandibles using onlay bone grafts have not been
encouraging. Several autogenous bone sources, including the iliac crest, calvaria, and
symphysis menti, have been utilized as donor sites. In 1996, Vermeen et al. showed
that the overall rate of bone resorption was about 50%, even with the use of autog-
enous onlay grafts. Consequently, it is crucial to avoid microrotation during the stiff
fixation of the graft material since this may result in the nonunion or fibrous union
of the graft material [10]. Dahlin and colleagues reported in 1991 that guided bone
regeneration was proposed using expanded polytetrafluoroethylene (ePTFE) on
exposed implant threads with a range of bone gain of 0.5 to 3.0 mm [11]. Expanded
polytetrafluoroethylene membrane in conjunction with bone graft material is one
therapeutic option for posterior mandibular reconstruction that has been used with
varying degrees of effectiveness, as reported by Jovanovic et al. in 1992 [12].

Vertical augmentation is a very complex procedure; therefore, it is only predict-
able when the surgical protocol is followed accurately as Tinti et al. in 1998 concluded
in their retrospective study [13]. Furthermore, ridge augmentation of the atrophied
ridges vertically has been successful since they were introduced [14]. This is with the
use of titanium mesh, which is fixed by titanium screws and autogenous bone grafts.
It is said that, however, the fixing of titanium screws has a common complication that
may result in the loss of grafted bone, resulting in failure of the procedure if infec-
tions occur [15].

Visor Osteotomy was believed to increase the entire height of the atrophic eden-
tulous mandibular ridge using wires for fixation on the two bony parts. This is first
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defined by Harle in 1975 [16]. The implementation of this procedure for vertical
ridge augmentation of the posterior mandible results in a reduction in the width of
the ridge, attributable to the vertical splitting of the mandible. The technique where
the bone block graft positioning is used between osteotomized bony segments is
called the sandwich technique. This was established by Schettler [17] in 1974. In 2011,
Scarano et al. reported in their case series study performed on nine patients using

an inlay technique with xenograft for vertical ridge augmentation that the rigid-

ity of blocks maintained the space and the technique eliminates the need of using
screws [18].

2.2 Bone graft for posterior mandibular augmentation

Insufficient bone volume may result in implant placement being difficult or
impossible if a significant vertical bone defect is present. The presence of the man-
dibular canal in the posterior mandible constitutes a further anatomic limitation that
can be overcome with different surgical techniques. Such techniques include titanium
mesh with autologous bone or biomaterials [19], alveolar osteodistraction [20], verti-
cal guided bone regeneration (GBR) [21], block graft [22], and short implants [23].

The most scientifically supported methods for regenerating vertical lesions
are block grafts, guided bone regeneration, and distraction osteogenesis [24].
Autogenous block grafts are shielded from surface resorption in horizontal augmenta-
tions by a collagen barrier made of bioabsorbable material and an organic bovine
bone mineral, according to a 1999 clinical cohort research by Von Arx and Buser
[25]. This has provided a clear illustration of how graft covering reduces resorption.
Polytetrafluoroethylene membranes, which have been utilized to cover grafts, are
another type of material that has been used with good clinical results but more prob-
lems than collagen membranes [26]. Furthermore, Aghaloo and Moy’s 2007 analysis
[27] made clear that implant survival might depend more on the remaining bone than
on grafted bone to maintain the implant.

2.3 Inferior alveolar nerve transposition

Dental implants are commonly utilized in the posterior mandible to support fixed
prostheses. After tooth extraction, this area typically has significant bone resorption,
and the inferior alveolar nerve’s vertical travel is limited (IAN). This constraint makes
it challenging to insert implants at the proper sizes. In such circumstances, thera-
peutic approaches such as vertical bone grafting techniques to enhance crest height,
prosthetic cantilever bridges, and short implants can be used. Shifting the IAN from
the area via lateralization or transposition procedures is an additional strategy that
has been documented in the literature [27].

Lateralization and transposition are the two distinct IAN repositioning meth-
ods. The process of implanting after exposure, laterally situating the IAN, and
shifting it over implants is known as nerve lateralization. There is no interference
with the mental foramen or incisive branch of the nerve during nerve lateraliza-
tion. In contrast, nerve transposition involves cutting the incisive nerve branch
and removing bone from the mental foramen region in order to realign the mental
foramen posteriorly [28]. Alling transposed IAN for the first time in 1977 [29].

Jensen and Nock [30] reported the first instance of implant placement after IAN
transposition in 1987. After making modifications to this procedure, the researchers
assumed that implants may be placed in an atrophic crest using this technique. The
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change was to apply implants by opening a canal distal to the mental foramen, which
made it possible for the IAN to move on the mandibular cortical layer with a large
diameter round bur. When Rosenquist [31] used IAN transposition to put 26 implants
in 10 patients in 1992, the results were positive after surgery. This lateralization of
the IAN was then included as a substitute for the transposition method. Both of these
approaches are in use today [2].

2.4 Lateralization and inferior alveolar nerve transposition

The inferior alveolar nerve (LIAN) lateralization procedure improves the pos-
sibility of direct view and enables implants to be installed in the ideal position or as
near to it as possible [7]. The implant is enclosed in better-quality bone due to the
mandibles’ greater cortical and basal bodies than when it is placed in a repaired region
using grafts [32]. When compared to reconstruction methods involving grafts, this
lateralization procedure requires fewer donor areas, which reduces patient morbidity,
lowers costs, allows for the prompt installation of long implants (since it utilizes all of
the remaining jaw bone), and shortens the time patients must wait for treatment—up
to 8 months in this case [33].

In comparison to the chin symphysis region, which is primarily composed of
cortical bone, the posterior mandible has a larger proportion of marrow bone. The
outcomes of the LIAN approach are biomechanically advantageous in the posterior
region of the mandible. This method has been shown to provide an excellent match
between the prosthesis and implant lengths [31]. On the other hand, the placement of
short implants shows worse biomechanics and worse initial stability, which is linked
to a unicortical anchor, even when the mandibular canal is preserved [34].

The use of dental implants in conjunction with inferior alveolar nerve transposi-
tion for the treatment of the atrophic posterior mandible was initially reported
by Jensen and Nock in 1987 [30]. The approach was a modification of Alling’s [29]
lateralization operation on the inferior alveolar nerve, which was done to help denture
patients with severely resorbed mandible feel less uncomfortable. These patients had
severe discomfort and decreased patient satisfaction as a result of the prosthesis’s
pressure on their neurovascular bundle. Later in 1998, Dao and Mellor [35] found
that all patients undergoing LIAN operations had temporary inferior alveolar nerve
sensitivity abnormalities. As a result, they concluded that this treatment carries a
substantial risk.

2.5 Short implant versus inferior alveolar nerve lateralization

Removable, complete, or partial dentures have historically been provided to
individuals seeking dental care to restore both their functional and cosmetic appear-
ance (referred to as Edentulous patients). However, wearing removable dentures
causes those individuals to feel insecure, impair their ability to chew, and have low
self-esteem [36]. The benefits of implant-supported prosthesis over traditional
dentures, which have improved many patients’ quality of life, give rise to implants as
an alternative treatment option. The quantity and quality of bone appear to be closely
correlated with the success rate [37].

Currently, there has been an increase in the use of short dental implants, which
provide doctors with a systematic way to simplify prosthetic restorations when there
is an anatomic limitation due to low alveolar bone height [38]. This is because the
more aggressive methods frequently include bone augmentation, which entails bone
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grafting first and endosseous implant implantation second [39]. Since the discov-

ery of the 10-mm implant length in 1971 [40], innumerable varieties of standard
Branemark implants (3.75 mm) have been discovered and employed for the treatment
of edentulous ridges.

In response to the increasing number of atrophic jaws requiring rehabilitation,
the 7-mm standardized implant length was designed and released in 1979. In eden-
tulous jaws, short implants were used either alone or in conjunction with lengthier
implants [41]. The 1-, 3-, 5-, and 10-year findings demonstrated a prevalence of
unsuccessful results among the short implants, given the role of these implants
[42]. Wide-diameter implants were therefore developed in order to make it easier to
replace a regular implant and to raise the success rate in situations when conditions
are precarious [43]. Situations where there are insufficient or low-quality bones were
the first to be addressed by Langer B et als 1993 suggested wide-diameter implant
[44]. According to certain research, wide-diameter implants worked well in situations
where there was less residual alveolar height once the implant’s length was compro-
mised. Consequently, a correlation was observed between wider diameter and shorter
implants.

Following augmentation surgeries without the use of short implants for the repair
of the atrophic mandible, an increasing implant survival rate of 92.3% was seen after
at least 10 years of follow-up. Short implants need to be thoroughly investigated
before being used, as it is evident that their shortcoming—which is represented by
the lack of data about the analysis of studies involving implants that are shorter than
7 mm—was discovered to be enhanced in certain ways. Thus, their review’s objective
was to provide a comprehensive overview of implant studies with a short length of
<7 mm [45]. When there is an atrophied posterior mandible, there are two effective
implant-based therapy options: short dental implants (SDI) and inferior alveolar
nerve lateralization (IANL). Standard implants can be placed in IANL even with the
hazards of malfunction, infection, and pathologic fractures [46].

A study in 2005 by Toledo Filho et al. [47] states that one option for prosthetic
rehabilitation for patients with alveolar resorption (moderate to severe in the poste-
rior mandible) or bone defects and intolerance to removable prosthesis is the later-
alization of the inferior alveolar nerve. According to the research conducted by Garg
etal. [48], bone resorption occurs after tooth extraction and is exacerbated by the use
of removable prostheses. Bone pathogenesis is found to be fast and progressive. The
degree and pattern of bone resorption seen in the alveolar process cause moderate to
severe atrophy of the mandible. This moderate to severe mandibular atrophy can be
attributed to both general systemic and local causes.

Silva et al’s 1999 study [49] found that the alveolar ridge encounters an ongoing,
permanent phase of bone resorption as a result of tooth loss. As a result, the posterior
jaw resorption typically results in a depressed edge, making implant placement in
these regions difficult. Since the posterior mandibular bone is of inferior quality to
the anterior, short implants are placed to maintain the mandibular canal. Moreover,
unicortical primary implant stability is seen [50]. The lateralization of the IAN is a
modern procedure that has been shown to be a successful alternative treatment in
cases of vertical atrophy [51]. To maximize the success of mandibular implant inser-
tion, the inferior alveolar nerve lateralization procedure has been developed [52].

In 2004, Stellingsma et al. [53] reported that there are some forms of treatment
for atrophic posterior mandibular short implants, termed tilted implants, as well as
advanced surgeries such as distraction osteogenesis, interpositional graft, and later-
alization of the inferior alveolar. Furthermore, Garcia Junior et al. [54] stated in 2006
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that the technique of lateralization of IAN, without interference with the incisive
nerve, consists of exposing the nerve and gently pulling it out of the mandibular
canal laterally diverting its path and allowing implant placement. This practice has
low morbidity and (if performed accurately) provides stable results and supports the
fixation of implants in bi-cortical bone, hence increasing resistance to occlusal forces
and guaranteeing a good proportion between the implant and the prosthesis.

Researchers have discovered through researches that the wider the implant’s
diameter, the greater the bone loss, and the higher the failure rate associated with
shorter implants [55]. An implant’s area of bone interaction is comparable to that of
an implant with a diameter of 3.75 mm and a length of 10 mm for 5 mm and 6 mm,
respectively [56]. Griffin et al. [57] suggested that implants shorter than 10 mm are
associated with higher rates of dissatisfaction and that short implants ought to be
paired together to improve outcomes [58].

Due to the possibility of numbness, paresthesia, or total loss of sensation in the
affected area, IAN lateralization is a very risky surgical procedure [59]. The ability to
perform this procedure successfully depends on the practitioners’ proficiency in the
field of operating technique, their knowledge of the local anatomy and the man-
dibular canal, and their physiological comprehension of the neurovascular bundle
[60]. The patient must also receive complete explanations and consent to all possible
dangers and problems, as noted by Kan et al. [61] and other authors in 1997. These
consequences include temporary paresthesia that may become chronic as well as
fractures to the jaw.

2.6 Surgical procedure for inferior alveolar lateralization

The surgical procedure for the inferior alveolar is performed using conscious seda-
tion and local anesthesia. The anesthesia consists of a combination of epinephrine
and alocal anesthetic agent, which is administered through an epinephrine-contain-
ing anesthetic solution. Prior to the procedure, the oral cavity is rinsed with chlorhex-
idine mouthwash. A mid-crestal incision with both posterior and anterior oblique
releasing incisions was used to expose the operative site, and full mucoperiosteal flap
elevating was then performed (Figure 1A). The anterior vertical cut ought to be 5 mm
posterior to the mental foramina, and the measurements for the lateral osteotomy
should be made with the “Michigan-O” probe with Williams’s markings [62].

A piezosurgery equipment is used to accomplish the rectangular osteotomy
(Figure 1B). Using slow, careful tapping with chisels, the outside bony windows are
removed, and the removed bone block is kept in a sterile solution of saline (Figure 1C
and D). Using smooth blunt instruments, the inferior alveolar nerve (IAN) is gently
excavated, its cortical sheath peeled off, and the nerve retracted and maintained in a
deflected posture (Figure 2A and B) [62].

2.7 Osteotomy after inferior alveolar nerve lateralization

With the use of pilot-drilling guidance from radiography scan equipment, the sequen-
tial implant drilling process used sharp drills with stoppers to predefined lengths. In order
to achieve bi-cortical engagement, implants with the appropriate diameters and lengths
should be chosen. The implants were then implanted with a maximum torque of 25 N/cm
to lower the chance of an unintentional mandibular fracture.
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Figure 1.
(A) Mucoperiosteal flap elevation, (B) the osteotomy outline, (C) elevation of the bone window, and (D) the
bone window retrieved.

Figure 2.
(A) Retraction of the inferior alveolar nerve (IAN) by a blunt retractor, (B) the nerve retraction for implant
placement, and (C and D) folding the membrane around the nerve.

183



Osteotomy Essentials — From Basic Techniques to Advanced Practices

o

Figure 3.
(A and B) Bone particulate placement and collagen membrane fixation overlying the surgical site.

2.8 Inferior alveolar nerve after implant osteotomy

The outermost cortical bone layer is crushed into autogenous particles and
combined 1:1 with anorganic bovine bone matrix (ABBM) after the IAN is pushed
back to cover the implants underneath, either with or without collagen membrane
isolation. Subsequently, the mixture is filled into the IAN site’s rectangular osteotomy
(Figure 3) [62].

Osteotomy and dental implant placement near sensitive anatomical structures
such as nerves can be challenging. The IAN is a critical structure that supplies sensa-
tion to the lower teeth, and its damage can result in significant morbidity. Therefore,
in order to minimize the potential of neural injury and enhance dental implant
integration, innovative treatments are required. Dense cortical bone growth encircles
the inferior alveolar canal, signifying the bone graft’s effective integration. However,
as compared to baseline readings, there was no discernible improvement in neurologi-
cal complications, secondary implant stability, or marginal bone loss. Rehabilitation
of severely resorbed posterior mandibular ridges requires careful consideration of
anatomical, surgical, and biological factors. Treatment options include nerve lateral-
ization, inferior alveolar nerve transposition, bone grafting, and implant placement.
By understanding these treatment options and techniques, dentists can provide
optimal care for patients with this condition.
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Temporomandibular Disorders:

Current Diagnosis and Treatment
Methods
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Abstract

The term temporomandibular disorders is used as a collective term for a group of
musculoskeletal disorders that involve pain dysfunction in the masticatory muscles,
temporomandibular joints, and related structures. Patients with temporoman-
dibular disorders usually present to clinics with pain, limitation, and noise in jaw
movement. While clinical examination is considered the most important process in
the diagnosis of temporomandibular disorders, imaging methods selected according
to the cases, are also considered important aids in diagnosis. The use of artificial
intelligence in the diagnosis of temporomandibular disorders is also becoming
increasingly common. Current studies on this subject recommend the use of deep
learning models to facilitate diagnosis and increase diagnostic accuracy. The etiology
of temporomandibular disorders is quite complex and multifactorial. Due to this
complex etiology, current studies support conservative multidisciplinary treatment
methods including behavioral therapy, physical therapy, and pharmacotherapy. The
role of osteotomy in the treatment of temporomandibular joint disorders is also very
important. It is also stated that temporomandibular joint dysfunctions decrease after
osteotomies such as sagittal splint osteotomy, which corrects occlusion disorders.
The purpose of this chapter is to provide an overview of the latest developments
in the etiology, pathophysiology, diagnosis, and treatment of temporomandibular
disorders.

Keywords: temporomandibular disorders, temporomandibular joint, diagnosis,
treatment, osteotomy
1. Introduction

Temporomandibular disorders (TMD) is a common oral-maxillofacial disorder

that causes pain and dysfunction in the masticatory muscles, temporomandibular joint
(TMJ), and their associated structures [1]. Worldwide epidemiology studies indicate
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that approximately 33% of the world’s population has a symptom of TMD [2]. Occlusal
patterns, neuromuscular system disorders, social and emotional situations, etc. TMD is
among the risk factors [3]. A localized pain in the preauricular region, acoustic changes,
limitation in mouth opening, etc., symptoms may occur. In some patients, TMD remains
asymptomatic without any symptoms, and pathologies can be detected during imag-
ing studies [4]. Diagnostic and treatment approaches for TMD are quite complex. It is
important to carry out clinical and radiological examinations together. In chronic TMD
cases, it can cause significant effects on the patient’s quality of life [5].

The purpose of this chapter is to provide an overview of the latest developments in
the etiologies and classifications, imaging and other investigations, diagnosis of TMD,
and treatment modalities.

2. Etiology and classifications
2.1Etiology

The etiology of TMD is complex and multifactorial. Factors that increase the
risk of TMD are called ‘predisposing factors’, factors that cause its onset are called
‘initiating factors) and factors that accelerate the progression of TMD or prevent their
recovery are called ‘maintaining factors’ [6]. Maintaining factors include behavioral,
emotional, and psychosocial factors [7]. There is no single etiological factor or
theoretical model that can interpret the onset of TMD [8]. TMD can occur or progress
due to both physical and psychosocial factors. Therefore, diagnosis and classification
are difficult when a patient presents with more than one TMD at the same time, which
makes it impossible to attribute the condition to a single specific cause [9]. Although it
cannot be reduced to a single cause, macrotrauma, occlusal factors, emotional factors,
and parafunctional habits can be evaluated among the etiological factors.

2.1.1 Macrotrauma

Macrotraumas is one of the initiating factors for TMD. Blows to the head or neck
play an important role in the development of TM]J pathologies [10]. TMD may occur
in situations such as yawning or keeping the mouth open for a long time [11], as well
as a result of traumatic extractions of third molar teeth [12]. In addition, endotracheal
intubation is thought to be a risk factor for TMD [13].

2.1.2 Occlusal status

Occlusal relationships are risk factors for TMD [14]. Although different types of
malocclusions cause signs and symptoms of TMD, some occlusal features reflect the
result of TMD rather than the cause [15].

2.1.3 Emotional factors

It has long been known that there is a significant relationship between psycho-
logical and emotional factors and TMD [16]. Depression and anxiety are important
factors affecting pain perception. These factors can also lead to the development of
teeth clenching and grinding, muscle hypertrophy and TMD [17].
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2.1.4 Pavafunctional habits

All habits that are considered non-functional are parafunctional habits and may
cause microtrauma to the TM]J [18]. Parafunctional habits such as clenching and
grinding can create abnormal forces that cause degenerative changes [14]. Due to
these forces, tissue damage, micro bleeding and pain occur in the TMJ area [19].

2.2 Classification
2.2.1 Disovders of the mastic muscles

The most common symptom of disorders of the masticatory muscles is pain
during function. This pain increases with the use of the muscles [20]. Disorders of the
masticatory muscles are divided into five.

2.2.1.1 Protective muscle contraction

It is the response to an injury that has occurred or will occur in the area where the
muscles are located. The antagonist muscle group in the relevant area contracts to
protect against pain [21]. It occurs in cases where the mouth remains open for a long
time due to intraoral injections or high restorations. Pain and movement limitations
are observed during function [22].

2.2.1.2 Local muscle pain

It develops when protective muscle contraction continues. It may develop due to
trauma, muscle overwork or stress, and it is not inflammatory. In addition to pain
during function, minimal pain is observed at rest. Muscle fatigue is observed [22].

2.2.1.3 Myofascial pain

Myofascial pain in the masticatory muscles is the muscles being affected, becom-
ing tense, and eventually getting tired, causing pain [20]. Hypersensitive muscle
bundles, called trigger points, cause local pain during palpation, and the patient expe-
riences limitations in mouth opening [23]. Different factors such as stress, depression,
anxiety, parafunctional habits, bruxism, autoimmune diseases, and systemic diseases
can cause it and become chronic [24].

2.2.1.4 Myospasm

Myospasms are sudden and acute involuntary muscle contractions. Pain, limita-
tion of movement, and muscle tension are observed during function and rest [22]. It
is rare. Its etiology is multifactorial [21].

2.2.1.5 Myositis and others

Myositis is an acute or chronic inflammation of the muscles. Although it is mostly
caused by infection, its etiology is multifactorial [24]. Long-term local muscle pain
and myofascial pain can also cause myositis [21]. Pain and dysfunction are observed
in the muscles around the joint [25].
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2.2.2 TMJ disorders
2.2.2.1 Irvegularity in condyle disc complex

It occurs due to the disruption of the normal position and function of the disc
on the condyle. The most common etiological factor is trauma. It can occur due to
microtraumas, such as bruxism, and macrotraumas, such as impacts [26].

2.2.2.1.1 Disc displacement

Disc displacement in TM] is the displacement of the joint disc toward the front,
back, inner, and outer sides in the closed position. It usually occurs toward the front and
anteromedial sides. As a result, pain and limited movement may occur during mandibu-
lar movements [27]. It usually occurs due to forces of abnormal intensity and direction
applied to TM]J area. The steepness of the articular tubercle, the morphological structure
of the glenoid fossa and condyle, and the looseness of intra-articular structures may also
affect the formation of disc displacement [21].

2.2.2.1.1.1 Reduced disc displacement

The articular disc, which is positioned in front of the condyle head when the
mouth is closed, returns to its normal position at the condyle head when the mouth
is opened (Figure 1)[28]. In reduced disc displacement, a first click occurs dur-
ing mouth opening, and a second click occurs when the disc returns to its anterior
displacement position during mouth closing. This sound is called a reciprocal click
[21]. Pain, tenderness, limitation of mouth opening, and deviation to the displaced
side may be observed [29]. The timing of the click sounds when the mouth is opened
(early, middle, late) indicates the degree of disc displacement. If the click sound
comes early, it indicates that the displacement is at an early level. If it comes late, it
indicates that the displacement is at an advanced level [29].

2.2.2.1.1.2 Reductionless disc dislocation

Problems occur in disc positioning due to elasticity loss in the upper retrodiscal
lamina. As the condyle slides forward, the articular disc is positioned in front of the con-
dyle. The articular disc, which is displaced toward the front of the condyle head when
the mouth is closed, cannot return to its normal position when the mouth is opened [28]
(Figure1). Pain, limitation of mouth opening, and deviation to the affected side are
observed in acute nonreducible disc displacement cases. Deviation is not observed in
cases where both joints are affected. In chronic cases, the pain disappears [29].

2.2.2.1.2 Disc perforation

TM]J disc perforation usually occurs due to prolonged anterior displacement and
repetitive folding of the disc during the opening and closing of the jaw. Osteoarthrosis
and trauma can also cause disc perforation [30].

2.2.2.2 Structural incompatibility of joint surfaces

It occurs due to changes in normal physiological joint functions and structures.
The most common etiological factor is macrotrauma [21]. There are four types of
structural incompatibilities of joint surfaces.
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Figure 1.
Schematization of disc positions in the open and closed of the mouth (A) Normal disc (B) Anterior disc
displacement with reduction (C) Anterior disk displacement without reduction.

2.2.2.2.1 Shape changes

Physiological aging or degeneration in the condyle, articular eminence, disc,
or fossa causes the functions and structure of the joint to change. It can be seen as
osteophytes, flattening, erosion, and subchondral cysts in the bone and as changes in
thickness and perforation in the disc [31]. This situation causes dysfunction [20].

2.2.2.2.2 Adhesions

It is the long-term persistence of adhesions between the condyle and the disc or
between the disc and the fossa. It may be due to fibrous connective tissue or decreased
lubrication. It causes limitations in functional movements and mouth opening [20, 24].
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2.2.2.2.3 Subluxation (hypermobility)

TMJ condyle passes anterior to the articular eminence during mouth opening.
Causes include acute or chronic trauma, laxity of intra-articular ligaments, decreased
height of the articular eminence, and abnormal position of the articular eminence. It
is painless and spontaneous [21].

2.2.2.2.4 Spontaneous dislocation (open locking)

Dislocation of TM] is the displacement of the mandibular condyle anterior to
the decreased articular height and preventing it from returning to the fossa [32, 33].
Spasms of the masticatory muscles, laxity of the intra-articular ligaments, decreased
height of the articular eminence, abnormal position of the articular eminence,
arthritic changes in the condyle, or neurological problems may cause recurrent
dislocations [34].

2.2.2.3 Inflammatory diseases

Diseases of inflammatory origin are usually characterized by severe and constant
pain during function. Tactile sensitivity and protective contractions may also be
observed [20]. These diseases are classified according to the structures involved in
inflammation:

synovitis/capsulitis, retrodiscitis, arthritis, and others.

2.2.2.3.1 Synovitis/capsulitis

Synovitis is the inflammation of synovial tissues, and capsulitis is the inflamma-
tion of the capsular ligament [25]. Trauma may be the cause of synovitis and capsuli-
tis. Limitation of jaw movements, pain, and tenderness on palpation may occur [20].

2.2.2.3.2 Retrodiscitis

It is an inflammation of the retrodiscal tissues. It occurs due to trauma or exces-
sive pressure of the condylar head on the retrodiscal tissues. There is a limitation in
jaw movements. Pain increases with clenching of teeth [20]. In cases where swelling
occurs in the retrodiscal tissue, the condyle is pushed anteriorly, and acute malocclu-
sion is observed on the same side [21].

2.2.2.3.3 Arthritis

Arthritis is inflammation of the articular surfaces of a joint. Signs of inflammation
include pain, edema, warmth, redness, and loss of function. There are three types:
osteoarthritis, osteoarthrosis and polyarthritis [20]. The most common type of TM]J is
osteoarthritis, which is a destructive disease of the articular surfaces of the condyle and
fossa. It may occur as a result of forces exerted on the joint exceeding the load-carrying
capacity of the joint [35]. Polyarthritis develops due to rheumatic diseases. Among these,
the ones that most affect TMJ are rheumatoid arthritis and ankylosing spondylitis [36].

2.2.2.3.4 Inflammative diseases of velated structuves
Inflammation of the tendon that attaches the temporal muscle to the coronoid pro-
cess is called temporal tendonitis. It may occur as a result of bruxism and emotional
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stress. Pain and limitation of mouth opening are observed. Inflammation of the
stylomandibular ligament is characterized by pain and limitation of mouth opening
in the area where the ligament attaches to the mandible [21].

2.2.3 Chronic mandibular hypomobility

It is a long-term painless restriction of mouth opening. It is divided into three
according to its etiology.

2.2.3.1 Ankylosis

Ankylosis is the development of adhesions on the articular surfaces of the joint,
causing fusion between the mandible and the temporal bone [37]. It is divided into
two: fibrous and osseous. If it develops as a result of fibrotic changes or fibrous
adhesions in the capsular ligament, it is called fibrous ankylosis, and if it develops
as a result of the union of bone structures due to the proliferation of bone cells, it is
called osseous ankylosis [22]. In addition to limited movement, it causes difficulties
in chewing and speaking, deterioration of oral health, facial asymmetry, and man-
dibular growth disorders [38, 39]. Depending on the type, degree, and age of onset of
ankylosis, patients may present with various symptoms [40].

2.2.3.2 Muscle contractuves

There are two types: myostatic contraction and myofibrotic contraction. Myostatic
contraction occurs when the muscle remains tense for a long time. Myofibrotic
contraction occurs due to myositis or trauma. Both result in painless restriction of
mouth opening.In addition, lateral movements of the condyle were not affected by
myofibrotic contraction [21].

2.2.3.3 Coronoid impedance (covonoid obstruction)

It occurs as a result of excessive elongation of the coronoideus process or the
development of fibrosis in this area. It may occur due to surgical operation, trauma
or infection. The deviation is observed on the affected side, but the deviation is not
observed in cases where both joints are affected [21].

2.2.4 Developmental disorders

Developmental abnormalities of the bony components of TM] include agenesis
(absence of growth), hypoplasia (insufficient growth), hyperplasia (excessive
growth), and neoplasia (uncontrolled destructive growth). Developmental disorders
seen in the muscular components of the TM]J are hypotrophy (decrease in muscle
size and strength), hyperplasia (increase in muscle size and strength) and neoplasia
(uncontrolled destructive growth) [20].

3. Imaging and other investigations

TM]J region is a difficult area to image due to the complex structure of the hard
and soft tissue components in this region, the overlapping of neighboring anatomical
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structures, changes in condyle morphology, limited mouth opening and lower jaw
movements [41]. Different imaging methods are used to examine the functions and
pathologies of TMJ. These vary in terms of usability, cost, bone and soft tissue imag-
ing capabilities. Imaging methods used for the TMJ region are described below.

3.1 Conventional radiographies

Conventional radiographies are two-dimensional imaging methods used in
TM]J imaging [42]. These methods are transcranio-oblique projection (schiiller),
transpharyngeal projection, transorbital projection, submentovertex projection,
Reverse-Towne’s projection, and posterioanterior radiography. The advantages of
these methods are low radiation dose, easy accessibility and low costs [43]. The most
important disadvantages of these methods are superposition, distortion, position
errors, and inadequacy in soft tissue imaging. However, conventional radiography
can be used for rapid and general assessment in emergency situations such as
trauma [35, 43].

3.2 Panoramic radiography

Panoramic radiographs are two-dimensional imaging methods frequently used
in dentistry and including ionizing radiation [42]. Teeth, jaw bones, temporoman-
dibular joint, maxillary sinuses, and nasal cavity can be viewed simultaneously in
a single image [44]. In this imaging technique, the central X-ray beam is oblique to
the long axis of the condyle. Therefore, only the medial and lateral parts of the bony
components of TMJ can be examined [45]. During imaging, because the mandible
is positioned forward and partially open, information about condylar position and
function cannot be provided. Due to superpositions, the relationship between the
articular fossa and the condyle, the articular eminence, and slight bone changes can-
not be determined. Significant bone changes, fractures, asymmetry, and pathological
findings of TMJ can be evaluated [35, 41, 45, 46]. Other disadvantages of panoramic
radiography include errors in patient positioning, the patient’ inability to stand or
maintain a straight neck position during the scan, the patient’s inability to remain
still during the scan, and artifacts that occur at any stage during the scan [47]. The
advantages of panoramic radiography are relatively low radiation dose, easy acces-
sibility, low costs, ability to combine with dental records, wide imaging field, con-
dylar morphology, and ability to be evaluated in a short time [48]. New-generation
panoramic radiography devices with special programs for imaging TM]J areas increase
reliability by reducing superpositions [41, 44].

3.3 Arthrography

Arthrography is a technique in which radiopaque contrast material is injected
to visualize soft tissues into both the upper and lower joint spaces to visualize the
joint [42, 45]. While other imaging methods provide information on static images,
arthrography can directly observe the joint condition through dynamic images and
accurately determine the position, size and condition of the joint structure [49]. Disc
perforations, disc position and morphology, adhesions, and internal irregularities
can be detected by arthrography. Arthrography is the gold standard for diagnosing
joint disc perforation [50]. The ability to perform arthrocentesis during arthrography
is an important advantage. Disadvantages of arthroscopy include being an invasive

198



Temporomandibular Disorders: Current Diagnosis and Treatment Methods
DOI: http://dx.doi.org/10.5772/intechopen.1007620

technique, requiring experience, not providing detailed information about bone
surfaces, high dose radiation, allergic reactions to iodinated contrast material, risk of
disc perforation, risk of facial nerve injury due to the needle used, and risk of bleed-
ing and infection [45, 46, 51].

3.4 Computed tomography (CT)

Computed tomography is a three-dimensional imaging technique that uses a
fan-shaped X-ray beam [42]. Ct eliminates disadvantages such as superposition and
distortion in two-dimensional imaging methods. Both the bone structures and soft
tissues of TMJ can be evaluated [42]. Pathological changes in bone structure such as
fractures, dislocations, ankylosis, osteophytes, condylar erosions, subchondral cysts,
degenerative bone changes, arthritis, neoplasia, and developmental anomalies such
as condylar hyperplasia can be detected by CT. Multidetector CT is more common
today than conventional tomography [52]. Low-dose MDCT is useful in cases where
MRI is contraindicated or not available. In addition, because of its superior soft tissue
contrast, MDCT can detect pathologies that cannot be detected with CBCT [45, 46].
The most important disadvantages of CT are high radiation dose, longer scanning
time, equipment accessibility, and cost compared to CBCT [45, 53]. CT is also weaker
in imaging the joint disc than arthrography and MRI [45].

3.5 Cone-beam computed tomography (CBCT)

Cone-beam computed tomography is a three-dimensional imaging technique that
uses a cone-shaped X-ray beam [42, 45]. It is used in the examination of the bone
structures of TMJ, the evaluation of developmental anomalies, and the examina-
tion of pathologies such as osteophytes, erosions, flattening, ankylosis, fractures,
subchondral sclerosis, and pseudocysts [54]. Without overlapping structures, the
position and volume of the bony components of the joint can be determined and
height, inclination measurements can also be made [48, 55]. In addition, it is also
used to evaluate airway volume, sinuses, nasal cavity and congenital defects [53].
However, it is inadequate in the evaluation of soft tissues such as joint discs [56].
Additionally, CBCT allows the position of the condyle to be evaluated with minimal
distortion, both in open and closed mouth positions [41]. CBCT is a reliable method
for examining the bone components of TMJ in axial, sagittal, and coronal sections
and is easy and reproducible [54]. In addition to having a lower radiation dose than
CT, a shorter scanning time, and a smaller device, it also has a higher spatial resolu-
tion [41, 53]. Although it is a 3D imaging technique, 2D images can also be obtained
[53]. Disadvantages of CBCT, very high density objects such as metal restorations,
implants, root fillings or metal posts cause beam hardening artifacts. This negatively
affects the diagnosis. The acquisition time is longer than that of conventional radio-
graphs and panoramic radiography. This makes it difficult for patients to tolerate [57].

3.6 Ultrasonography (US)

Ultrasonography is a non-invasive imaging method that obtains real-time images
using sound waves and does not contain ionizing radiation [42]. Fast and dynamic
image acquisition, easy accessibility, and affordable cost are the advantages of US
[58]. Pediatric patients can tolerate it more easily because it is not in a closed area
and does not require sedation. And patients who cannot have an MRI scan due to

199



Osteotomy Essentials — From Basic Techniques to Advanced Practices

claustrophobia can also tolerate it more easily [58, 59]. Soft tissues the position of
the articular disc, type of intra-articular derangement, joint space, effusion, inflam-
mation and ligament adhesion can be examined by US. In hard tissues, erosions and
osteophytes occurring anterior and lateral to the condyle can be examined. However,
the medial side of the condyle cannot be examined due to the superposition of the
bony structures [45]. Because of the acquisition of dynamic images, disc mobility,
condylar translation and anterior disc displacement can be evaluated [60]. However,
changes in the medial part of the condyle and medial disc displacement cannot

be examined with US. In addition, US imaging becomes difficult in cases of bone
pathologies, preauricular swelling, and intra-articular effusion [51, 58]. Another
disadvantage is that it depends on the operator’s knowledge and experience [52]. US
does not provide the same quality of detail as MRI, but it is suitable for TMJ evalua-
tion due to its cost and ease of access [60]. US is not only used to detect the disease. It
can also be used for disease tracking and the course of treatment [58, 59]. Because of
the advances in technology, dynamic high-resolution US is more useful in evaluating
TMD compared to static low-resolution US [58].

3.7 Magnetic resonance imaging (MRI)

Magnetic resonance imaging is a non-invasive three-dimensional imaging method
that does not contain ionizing radiation, using magnetic fields and radiofrequency
waves [42, 45]. Because it is non-invasive, it is safe for repeat shots [60]. MRI has high
soft tissue imaging capability and provides important information about the soft tissue
components of TMJ [48]. The disc’s morphology and position, the retrodiscal tissues
status, the associated muscles and the presence of inflammation can be evaluated with
MRI in the open and closed mouth positions [50]. In addition to acute changes such as
effusion, bone marrow edema, synovial thickening, chronic changes such as erosions,
condylar changes, disc abnormalities, new bone tissue formation, soft tissue neopla-
sias, and neoplasia-like lesions can also be evaluated with MRI [58, 61, 62]. Although
distortion in the articular disc can be visualized with MRI, disc perforation has still
some limitations. A layer of synovial hyperplasia beneath the tortuous articular disc
may lead to false-negative results. With new developments, it is also possible to visual-
ize hard tissues in MRI, but these images are not yet detailed enough to be compared
with CBCT or MDCT images [42, 50]. MRI with a contrast agent provides additional
information about the soft tissues in TMJ area [61]. However, sedation or general
anesthesia may be required due to the long imaging time and intravenous injection
of contrast material,, especially in pediatric patients [58, 59]. Its disadvantages are its
long imaging time, high cost, difficulty in transportation, equipment standards, the
importance of parameter imaging, the need for the patient to be completely immobile
during imaging, its dependence on the experience of the observer, its failure to be as
successful as CBCT and CT in the evaluation of bone cortices, and its inability to be
used in patients with claustrophobia, ferromagnetic intra-body implants, intracranial
vascular clips, and pacemakers [45, 46, 51]. With dynamic MRI, joint mobility and
disc function can be examined in detail during functional movements [60].

3.8 Nuclear medicine

It is the only imaging method that can detect the physiological effects of biochemi-
cal changes on functions [42]. Radionuclides used for imaging are injected into the
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patient intravenously and the reflected gamma rays are detected by a camera and
transferred to the computer. In this way, the image is obtained [63]. The most com-
monly used radionuclide is technetium because it can be monitored at low radiation
dose and has a short half-life (Tc-99 m) [42]. Nuclear imaging can be used to evalu-
ate the skeletal development of TMJ and measure the degree of disease in patients
with osteoarthritis. However, its most important disadvantages are its inadequacy in
showing bone component morphology and disc displacements and the application of
radioactive chemicals to the whole body by intravenous injection [63]. In addition to
TM]J region, the entire maxillofacial region can be examined. It is divided into three
types [45].

3.8.1 Scintigraphy

Images showing bone metabolic activity are obtained 2-3 hours after intrave-
nous radionuclide injection [52]. Radioisotopes accumulate in areas with increased
osteoblastic activity and are seen as ‘hot’ areas [45]. It is a non-specific examination
but sensitive for detecting bone disorders such as growth, bone healing, active bone
changes, trauma, infection, tumors and arthritic changes [52]. Scintigraphy can
detect early changes related to the bone components of TMJ. In this way, malocclusion
and facial asymmetry can be prevented early [64]. However, its routine use is limited
due to high costs and radiation [65].

3.8.2 Spect (single proton emission computed tomography)

Images are obtained by recording radiation emissions using positron-emitting
radionuclides with the help of a rotating gamma camera [45]. Although TM] is
a small joint in close proximity to the skull base and paranasal sinuses, it can be
examined separately from other bones with SPECT. The morphological and func-
tional status of hard tissues, degenerative bone changes and metabolic studies can
be evaluated with SPECT [45, 66]. Condylar hyperplasia is the abnormal growth
of the mandibular condyles. If this growth is excessive and unilateral, it causes
facial asymmetry, malocclusions and related problems [67]. SPECT is superior to
planar imaging methods for measuring differences in condylar growth in cases
of condylar hyperplasia. In these cases, it is important to be able to detect growth
activity, as facial asymmetry can only be treated when growth stops [46]. The most
important disadvantage is that a non-anatomical examination. Although areas of
improvement and high involvement can be quickly identified, their causes may not
be determined [52].

3.8.3 Pet

A gamma camera and radiopharmaceuticals are used to detect metabolic pro-
cesses, producing images that provide functional information. The most commonly
used radiopharmaceutical is 2-fluoro-2-deoxyglucose labeled with fluoride-18
(18FDG) [52]. It is frequently used in the early diagnosis of neoplasms, staging of
some tumors, radiotherapy planning, determining the location of the primary tumor
and diagnosing response to treatment and recurrence [45]. The most important
advantages are higher detection efficiency and spatial resolution than to scintigraphy
[45]. PET can be used in combination with CT and MRI [52].
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4. Diagnosis of TMD

Identifying the causes of TMD-related pain and dysfunction is very important as
it affects the choice of treatment method. For example, different treatment options
are often used to treat arthrogenous TMD and muscle-derived TMD. Patients with
psychological comorbidities who exhibit TMD symptoms without an obvious physical
cause may be best treated with psychological intervention [68]. Detection of more
serious disorders that require urgent intervention is the most important part of TMD
diagnosis [69]. For example, differential diagnosis is of great importance because
some neoplasms, such as TMJ chondrosarcoma, may initially share the same signs and
symptoms as some common diagnoses of TMD [70].

Although different diagnostic tools have been proposed for TMD, the most com-
monly used is the Diagnostic Criteria for Temporomandibular Disorders (DC/TMD)
[71]. DC/TMD aims to provide a standardized and functional tool that combines
physical examination (axis I) and screening for psychosocial-comorbid factors (axis
IT) for use in the diagnosis of TMD. This method of examination provides confirma-
tion that any pain revealed during the examination is similar to or reproduces the
same pain as a familiar pain that the patient has experienced in life [71]. This diag-
nostic tool recommends the use of a screening questionnaire called DC/TMD, TMD
Pain Screen to simply and reliably assess the presence of painful TMD [71, 72]. This
questionnaire cannot make specific TMD diagnoses but can provide rapid screening
in busy clinical or research settings.

A further diagnostic axis (axis III) has been proposed to represent the underly-
ing pathobiological processes of TMD, including diagnostic findings from genetics,
epigenetics, and neuroscience [70]. This axis, which is not involved in DC/TMD,
may have important implications for improving disease diagnosis and targeted
management.

Artificial intelligence is rapidly taking its place among current diagnostic methods
and helps physicians in diagnosis [73]. Since the ability of deep learning models to
detect TMJ arthropathies with high sensitivity and specificity increases diagnostic
accuracy, it is stated in current studies that this methodology can be used to evaluate
TMD [74].

The use of biomarkers in saliva and serum for the diagnosis of TMD is another
current study topic [75]. However, due to the lack of evidence on this subject, it is
thought that more case-control studies are necessary [76].

5. Treatment modalities

Considering the complex biopsychosocial and multifactorial etiology of TMD, the
use of multidisciplinary treatment methods may be required. In addition, the focus
should be on pain management and psychosocial functionality. Since the majority
of TMD cases undergo remission in the first 6-15 months, physicians recommend
reversible conservative treatments.

However, each case should be evaluated on its own, and multimodal strategies
should be included in the treatment plan, taking into account etiological factors.
Therefore, it is important to know irreversible interventional treatments and to follow
current treatment approaches. In this section, treatment methods are detailed under
two main headings: ‘Reversible and conservative treatments’ and ‘Irreversible and
invasive treatments’
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5.1 Reversible and conservative treatments
5.1.1 Self-cave techniques

An essential part of non-invasive conservative initial treatment is known as ‘self-
care’ or ‘self-management’ The components of a standard self-management program
are education, self-exercise therapy, thermal modalities, self-massage therapy, diet
and nutrition, parafunctional behavior [77]. It is important to detect, observe and
prevent parafunctions such as gum chewing, nail biting, bruxism etc. Self-massage,
therapeutic exercises, diet regulation and breathing exercises are also frequently used
in treatments [77, 78].

5.1.2 Intraoral appliances

Occlusal splint is a widely accepted treatment for TMD worn over the upper and
lower teeth, determining the occlusion and the condyle-mandibular fossa relationship
[68]. Due to occlusal splints, occlusion is fixed and teeth are protected from excessive
wear [79, 80]. There are also studies indicating that the use of occlusal splints is effec-
tive in relieving pain symptoms [81, 82].

5.1.3 Pharmacotherapy

A number of pharmacological treatments, such as analgesics, neuromodulatory
agents, and intramuscular injections, are used for the treatment of TMD [78]. As with
any drug treatment, all possible risks, side effects and interactions of the drug should
be considered before prescribing [83]. Therefore, a comprehensive evaluation of
medical history is very important in preventing allergic reactions and complications.

5.1.3.1 Nonsteroidal anti-inflammatory drugs (NSAID)

The use of NSAIDs is recommended in cases of acute temporomandibular arthritis
caused by sudden disc displacement [68]. In acute temporomandibular arthritis, it is
recommended to continue treatment for at least 2 weeks, and it is also recommended
to use NSAIDs together with gastroprotective agents due to side effects on the gastro-
intestinal tract [84].

5.1.3.2 Corticosteroids

The use of corticosteroids is recommended for the treatment of moderate to severe
TMD [68]. Corticosteroids have anti-inflammatory effects that help relieve pain. It is
suitable for intra-articular injection or oral use. In intra-articular injection use, it can
be combined with a local anesthetic (lidocaine, etc.) [85].

5.1.3.3 Myorelaxants

The use of muscle relaxants is important in the treatment of muscular TMD and
chronic orofacial pain [68]. Muscle relaxants reduce skeletal muscle tone, thus help-
ing to relieve muscle-related pain [86]. Cyclobenzaprine, metaxalone, methocarba-
mol are the most commonly used muscle relaxants [68]. Cyclobenzaprines are stated
to relieve muscular pain and improve sleep quality [87].
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Such medications can cause significant sedation. The use of muscle relaxants is
contraindicated in patients with hyperthyroidism, heart failure, post-myocardial
infarction, and heart rhythm disturbances [88]. A 10 mg dose at bedtime for 30 days
followed by 2 weeks of medical follow-up is recommended [68].

5.1.3.4 Anticonvulsants

Gabapentin, a GABA analog anticonvulsant, can be used to reduce muscular pain,
especially from the temporal and masseter muscles [68]. The pain-reducing effect
of gabapentin is thought to occur through blocking neurotransmitter release and
reducing postsynaptic excitability [89]. Gabapentins are generally well tolerated and
are associated with temporary mild side effects (dizziness, drowsiness, dry mouth,
weight gain and impaired concentration, etc.) [90].

5.1.4 Psychological and multimodal therapies

Behavioral approaches, which aim to reduce the frequency of behaviors that
increase pain and increase the frequency of behaviors that increase health, are a mul-
tidimensional treatment method. Psychological and behavioral therapies are not only
effective in alleviating the psychological crisis, but can also help the patient change
his or her perception of pain. It also allows improving functionality in patients with
chronic pain [91]. The duration of the program and the delivery of the treatment in an
individual or group environment do not affect the therapeutic effect [68].

A study examining the effect of Cognitive Behavioral Therapy (CBT) shows that
CBT provides long-term (>3 months) improvements in symptoms such as TMD pain
and depression [92]. Patients with TMD and major psychological symptoms (anxiety,
depression, etc.) have been shown to achieve greater improvement with multimodal
treatment than TMD patients without major psychological symptoms [93]. It has
been stated that biofeedback and relaxation training also have an important place in
treatment [93].

5.1.5 Physical therapy

Physiotherapy is a health science discipline that aims to eliminate, alleviate,
prevent and restore functional ability to dysfunctions involving the neuromuscular,
musculoskeletal and other systems through movement and various physical factors
[94]. Randomized clinical trials using postural exercises suggest relief of muscle
pain and improvements in jaw mobility in TMD compared to education and cogni-
tive behavioral therapy [95]. Combinations of jaw strengthening and coordination
exercises and mobilization and posture exercises can also be applied together.
Additionally, physical therapy techniques such as manual therapy, Kinesio Taping,
Ultrasound and Transcutaneous Electrical Nerve Stimulation (TENS) are also
frequently used in TMD [96].

5.1.6 Acupuncture, dry needling and substance injection for TMD myalgia

Acupuncture is frequently used in the treatment of chronic pain [97].
Acupuncture points generally correspond to points called trigger points and areas
where the density of nerve endings transmitting the feeling of pain increases. The use
of acupuncture has been shown to cause short-term improvement in TMD muscle
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pain compared to placebo acupuncture [97]. Dry needling has similarly been found to
provide short-term improvements in TMD muscle pain [98]. Results are available on
the effects of intramuscular botulinum toxin injections compared to placebo for TMD
muscle pain [99].

5.2 Irreversible and invasive treatments
5.2.1 Surgical treatments and osteotomies for TMD

Interventions such as arthroscopy, arthrocentesis, arthroplasty, or joint replace-
ment are irreversible invasive treatments used for patients with arthrogenic TMD
[100]. These invasive procedures used in the treatment of TMD have been shown to
be associated with significant morbidity [93].

It has been stated that surgical interventions (arthroscopy and arthroplasty) have
no additional effect compared to medical treatment or non-surgical rehabilitation
in patients with non-reducing disc displacement with limited mouth opening. It has
also been reported that no difference was observed in pain intensity and frequency,
mandibular range of motion, TMJ sounds or chewing disorder [101].

Open surgical treatment for TMD has become less common but is still used for
certain indications and end-stage disease [102]. In fact, in cases such as ankylosis and
neoplasms, relieving the ankylosis and removing the tumor may be the only viable
option. With developing technologies, there is now an arthroscopic surgery option
for procedures that were only performed with an open joint approach in the past. Disc
repositioning, osteophyte removal, pathological tissue removal and TM] biopsy can
be performed with arthroscopic surgery [9].

Examining the effects of jaw osteotomies on TM] is an important research area.
Mandibular angle osteotomy with outer cortex grinding method is among the cos-
metic procedures used to correct the square face form. To evaluate the safety of this
procedure, analyzed the morphological stabilization of the TM] and morphological
changes in masseter muscle thickness after mandibular angle osteotomy [103]. It has
been stated that mandibular angle osteotomy is safe and suitable for use in terms of
occlusal function [104].

Sagittal split ramus osteotomy is a type of osteotomy commonly used to correct
dentofacial deformities [105]. A study reported that 1 year after sagittal split ramus
osteotomy, the tensile energy density in the articular disc was significantly reduced
compared to before surgery [106]. In a study examining the effects of modified
L-shaped intraoral vertico-sagittal ramus osteotomy and sagittal split ramus osteotomy
on TMJ symptoms, it was found that modified L-shaped intraoral vertico-sagittal
ramus osteotomy reduced TMJ symptoms more than sagittal split ramus osteotomy
[107]. In the light of these information, it can be concluded that TMD symptoms can be
alleviated by sagittal split ramus osteotomy and modified L-shaped intraoral vertico-
sagittal ramus osteotomy, which correct the discrepancy in maxillofacial morphology.

6. Future predictions

Significant progress has been made in understanding the biological and psycho-
logical determinants of TMD but many factors remain missing and unexplained
[108]. Future TMD etiological research will inevitably include a more detailed evalua-
tion of life stressors, uncommon genetic variants, and genome associations [109, 110].
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A study has investigated the effect of painless positioning of the head of the
mandibular condyle in the joint fossa on postural and functional changes in the mus-
culoskeletal system [111]. It can also be foreseen that in the future, dental diagnostic
procedures for TMD may be combined with a posture examination.

Today, due to deep learning models, TM]J arthropathies can be detected with high
sensitivity and specificity [73, 74]. The increased use of artificial intelligence will
allow for increased diagnostic accuracy enabled by an evidence-based framework,
objective measurements, and advanced analysis techniques.

There has been an observed improvement in the prognosis and longevity of allo-
plastic joint prostheses [112, 113]. Due to these successful results, it can be predicted
that the popularity of alloplastic TMJ replacement will gradually increase in cases
such as end-stage arthritic conditions, ankylosis, post-tumor resection and develop-
mental anomalies of TM]J.

Examining the effects of jaw osteotomies on TM] is among the current research
topics [104]. There are studies examining sagittal split ramus osteotomy, modified
L-shaped intraoral vertico-sagittal ramus osteotomy and mandibular angle osteoto-
mies [104, 106, 107]. The number of studies examining the effects of other osteotomy
methods involving the head and face region on the TMJ will continue to increase in
the future.

In a study in which exosomes obtained from mesenchymal stem cells were used for
the first time, successful results were obtained for the treatment of TMJ disc degener-
ation [114]. It is clinically promising that the use of bone marrow stem cells, a current
treatment approach for TMJ disc degeneration, will continue to be investigated and
that its use may increase in the future.
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Chapter 13

Use of Statins after Bone
Osteotomy and Augmentation and
their Antibacterial Effect: Narrative
Review of Literature

Tomislav Katanec, Tihomir Kuna and Dragan Gabri¢

Abstract

Statins, a class of cholesterol-loweringdrugs, have been investigated for their
potential benefits in oral surgery, particularly in bone osteotomy and augmentation
procedures. Recent studies suggest that statins may stimulate bone formation and
enhance the osseointegration of dental implants. This review examines the current
evidence on the effects of statins on bone osteotomy and augmentation in oral sur-
gery. The available data indicates that while patients with a history of bisphosphonate
use may not face a higher risk of dental implant failure or marginal bone loss, they
may be more susceptible to bisphosphonate-related osteonecrosis of the jaw. Further
research is needed to fully elucidate the impact of antiresorptive drugs, including
statins, on dental implant outcomes and to identify optimal strategies for managing
patients undergoing oral surgical procedures. The practice of fixed bridges and partial
prosthesis can be and are iatrogenic to the existing teeth and bone. Dental implants
have become a viable treatment option when there is sufficient quantity and quality of
bone to achieve the desired functional and esthetic results. Horizontal ridge augmen-
tation and contextual implant placement with a resorbable membrane and particulate
grafting material can be used to reconstruct three-dimensional atrophic edentulous
areas of the jaws, allowing for correct implant positioning and avoiding mechanical
and prosthetic failures. The reduction in bone volume has many etiologies, includ-
ing periodontal disease, pneumatization of the maxillary sinus, long-term ill-fitting
dentures, and the general progression of osteoporosis with aging. Interestingly, recent
studies suggest that statins, a class of cholesterol-lowering drugs, may have a positive
effect on bone osteotomy and augmentation in oral surgery. Statins have been found
to stimulate bone formation and enhance the osseointegration of dental implants.

Keywords: statins, bone osteotomy, bone augmentation, dental implants, oral surgery

1. Introduction

Dental implantology is a rapidly evolving field that aims to improve dental implant
systems by integrating materials science and surface technology [1]. Statins, a class
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of drugs primarily used to lower cholesterol levels, have also been studied for their
potential role in enhancing osseointegration, the process by which dental implants
bond with the surrounding bone [2]. Studies have shown that statins can promote
bone regeneration and enhance osseointegration in animal models. One study con-
ducted on rabbits found that local application of simvastatin (SIM), a commonly used
statin, significantly increased bone-to-implant contact and implant stability com-
pared to control groups. Another study on rats showed that systemic administration
of atorvastatin, another type of statin, improved implant stability and enhanced bone
formation around the implant [1, 2].

These findings suggest that statins may have potential as an adjunct therapy in
dental implantology to improve osseointegration and long-term implant success.
Overall, the use of statins in dental implantology holds promise for improving osseo-
integration and long-term implant success [2].

Therefore, more research is needed to determine the optimal dosage, duration,
and administration method of statins in dental implantology, as well as to evaluate
their potential adverse effects and interactions with other medications. In summary,
the use of statins in dental implantology shows promise for improving osseointegra-
tion and long-term implant success.

2. Review of literature on statins’ role in dental treatment

Periodontal and peri-implant diseases are complex conditions that can have a
significant impact on oral health and overall well-being. In recent years, there has
been growing interest in the potential relationship between these diseases and the use
of statins, a class of drugs commonly prescribed to lower cholesterol levels.

Research suggests that statins may have anti-inflammatory and immunomodula-
tory effects that could potentially benefit individuals with periodontal and peri-
implant diseases. Additionally, some studies have shown that statins may have a
positive impact on bone metabolism, which is particularly relevant in the context of
peri-implant diseases where the stability of the bone surrounding dental implants is
crucial [3].

Ting et al. showed literature review of the effect of SIM on different oral patho-
gens and microorganisms. The best effect of SIM was on Aggregatibacter actino-
mycetemcomitans and Porphyromonas gingivalis and against most dental plaque
bacteria, including Streptococcus mutans. Also there was some antifungal impact on
Candida albicans, Aspergillus fumigatus, and Zygomycetes spp. The most important
antibacterial effects show that statins may have antibacterial properties by inhibit-
ing the growth of certain bacteria, including Staphylococcus aureus and Escherichia
coli. This suggests a potential role for statins in combating bacterial infections and
potentially reducing the risk of certain complications. Atorvastatin showed better
antibacterial effect than rosuvastatin.

In addition to their antibacterial properties, statins have also been investigated
for their antiviral effects. Research indicates that statins may exert antiviral activity
against a range of viruses, including influenza virus, hepatitis C virus, and human
immunodeficiency virus. These findings have sparked interest in exploring the poten-
tial use of statins in the treatment or prevention of viral infections. Atorvastatin,
fluvastatin, and SIM exhibit comparable anti-HCMYV effects. SIM has the highest
inhibitory potency (50% antiviral effective concentration [EC50] = 3 nM) compared
with atorvastatin and fluvastatin (EC50 = 30 nm). Furthermore, there is emerging
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evidence suggesting that statins may possess antifungal properties, contributing

to the management of fungal infections. By targeting key pathways in fungal cells,
statins have shown promise in inhibiting the growth and proliferation of certain
fungi, highlighting their potential as adjunctive or alternative antifungal agents [4].

Moraschini et al. in systematic review aimed to assess the scientific evidence on
the effect of statins on the osseointegration of titanium dental implants. All included
studies showed a positive effect of statins on increasing osteogenesis around dental
implants in animals. In this review, they used review literature on studies based on
478 rats and dogs. The positive effect of statins on osteogenesis around implants is
likely due to the increased expression of BMP-2 and stimulation of osteoblasts. Statins
also demonstrated a decrease in osteoclast activity, as evidenced by a reduction in the
histological marker tartrate-resistant acid phosphatase in blood serum. The studies
included in the review were assessed for quality according to ARRIVE guidelines.
Delivery methods of statins for efficient treatment are currently not optimal, but
efforts are being made to develop more effective methods such as hydrogels and
nanoparticles. The positive effects of statins on osteogenesis around dental implants,
as highlighted in the review, shed light on the potential for improving the success rate
of dental implant procedures. The increased expression of BMP-2 and stimulation
of osteoblasts indicate promising avenues for enhancing the integration of titanium
dental implants in clinical practice. Furthermore, the observed decrease in osteoclast
activity due to statin administration suggests a multifaceted approach to promoting
implant stability and longevity [5].

In the field of osteoporosis research, studies conducted on animal models play a
crucial role in evaluating the efficacy and safety of potential treatment options. One
study conducted by Ayukawa et al. aimed to investigate the effects of SIM, a com-
monly used statin medication, on bone parameters in rats. Ayukawa et al. conducted a
study involving 10 female rats. These rats were injected daily with 10 mg/kg of SIM for
a period of 20 days. The researchers used rough Kyocera material as the implant and
measured various parameters to assess the impact of SIM on bone. The results showed
that all parameters measured, including bone-implant contact (BIC) and bone volume
(BV), significantly increased, indicating a positive effect of SIM on bone parameters
in rats [6]. Another study conducted by Moriyama et al. explored the effects of
fluvastatin, another statin medication, on bone parameters in rats. For their study,
Moriyama et al. used a larger sample size of 60 female rats. These rats were not given
any specific treatment prior to the study. The researchers topically applied three
different concentrations (3, 15, and 75 mg) of fluvastatin to the rat bone-implant
interface. They used rough Kyocera material as the implant and assessed BIC and BV
and performed a mechanical push-out test to evaluate the effects of fluvastatin on
bone parameters. The results of Moriyama et al’s study showed that all parameters
measured, including BIC, BV, and mechanical push-out test results, significantly
increased with the application of fluvastatin, indicating a positive effect on bone
parameters in rats [7]. In a study conducted by Du et al., 54 osteoporotic female
rats were used to evaluate the effects of SIM on bone parameters. In this study, the rats
were not given any specific treatment prior to the experiment. They treated the rats
with SIM and assessed various bone parameters. The authors used an animal level
analysis and found that all parameters increased; however, specific details regarding
which parameters were measured were not provided [8]. Furthermore, it is important
to note that the delivery method of SIM in these studies was different. Ayukawa et al.
injected SIM daily, while Moriyama et al. topically applied fluvastatin. The delivery
method of SIM in Du et al’s study was not specified [7, 8]. In a study conducted by
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Moriyama et al., the researchers used 60 female rats at the animal level to investigate
the effects of topical application of fluvastatin. The rats were divided into different
groups and subjected to topical application of fluvastatin at three different dosages: 3,
15, and 75 mg. After a period of 4 weeks, the researchers performed a BIC test, BV
analysis, and a mechanical push-out test to evaluate the impact of fluvastatin on bone
density. The results showed that all parameters significantly increased in the first two
weeks of the study, indicating an improvement in bone density. However, at the
4-week mark, there was no significant difference observed between the rats treated
with fluvastatin and those in the placebo group [9]. In the study conducted by
Masuzaki et al., the researchers aimed to investigate the effects of fluvastatin, a statin
medication commonly used to reduce cholesterol levels, on bone metabolism and
biomechanical testing in rats. The study used 40 female rats and divided them into
two groups: a treatment group receiving fluvastatin and a control group receiving a
placebo. The rats in the treatment group were given percutaneous injections of
fluvastatin after the completion of implant surgery. The researchers administered a
dosage of 0.5 mg/kg and 1 mg/kg of fluvastatin to the rats in the treatment group. The
effects of fluvastatin on bone metabolism and biomechanical testing were evaluated
through various measurements including bone mineral density, BV fraction, serum
biochemistry, bone metabolism markers, and biomechanical testing. The results of the
study showed that the rats in the treatment group exhibited increased bone mineral
density, BV fraction, and improved biomechanical properties compared to the rats in
the control group. The serum biochemistry test, however, did not show any significant
difference between the rats in the treatment group and the control group. These
findings suggest that fluvastatin has a positive effect on bone metabolism and biome-
chanical properties in rats [10]. Nyan et al. conducted a study in which 36 male rats
were divided into different groups and treated with SIM through topical application at
dose levels of 25 mg and 50 mg. The researchers evaluated BIC, bone mineral density,
and performed micro-CT scans. They found that only BIC showed a statistically
significant increase. Tan et al. conducted a study with 48 female rats, in which SIM
was applied topically at doses of 5 mg and 10 mg. They assessed BIC, mineral apposi-
tion rate, micro-CT scans, immunohistochemistry, and mechanical push-in tests.
They reported that all parameters showed an increase, indicating a positive effect of
SIM on BIC and bone parameters. In another study conducted by Fang et al., 36 female
rats were treated with SIM for a duration of 72 hours. Fang et al. observed the effects
of SIM treatment on implant surface in these rats. They found that SIM treatment had
a positive effect on BIC and bone parameters. In vitro studies have also shown promis-
ing results regarding the effects of SIM on bone cell mineralization. According to the
studies conducted by Nyan et al., Tan et al., and Fang et al., it can be concluded that
SIM has a positive effect on BIC and bone parameters in rats [11-13]. Karanicola et al.
conducted a study about effects of diclofenac and SIM on bone healing. The study
used male Wistar rats and divided them into groups based on the route of drug
administration and type of defect healing. Diclofenac was administered intramuscu-
larly, while SIM was administered both systemically and locally. A total of 144 male
Wistar rats were used in the study. The study also included subgroups based on the
duration of the study (2, 4, or 8 weeks). The histomorphometric data provided
valuable information on the percentage of new bone formation, shedding light on the
potential impact of these medications on bone healing [14]. Littuma et al. analyzed
biofunctionalized prosthetic abutment different properties and characteristics of a
titanium disc coated with polylactic-co-glycolic acid (PLGA) incorporating SIM. The
study employed different methods to achieve its objective. The methods involved
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distributing titanium discs into four groups, including pure titanium, titanium coated
with PLGA, titanium coated with PLGA incorporating 6% SIM, and titanium coated
with PLGA incorporating 0.6% SIM. The use of PLGA as a coating material for
titanium discs was prepared through the chloroform evaporation technique. After the
complete dissolution of PLGA, SIM was diluted in the solution. The study then
proceeded to dipcoat the titanium discs with PLGA and different concentrations of
SIM. The sources provided were relevant and supported the study’s objective. In vitro
bone formation was evaluated using alkaline phosphatase and von Kossa assays over a
period of 16 days. The results showed that saponified SIM and OG-PLG significantly
increased alkaline phosphatase expression, while all three, SIM, saponified SIM, and
OG-PLG, enhanced mineralization. In conclusion, the biofunctionalized prosthetic
abutment proposed in this study shows promising potential for enhancing bone
formation. The incorporation of SIM into the titanium disc coated with PLGA demon-
strated increased alkaline phosphatase expression and enhanced mineralization.
Additionally, the evaluation of SIM release from the PLGA coatings and its effect on
bone cell mineralization provides valuable insights into potential biomedical applica-
tions. Further research and development in this area could lead to significant advance-
ments in prosthetic abutment technology, ultimately benefiting patients in need of
dental implants [15]. There is also similar study from Sordi et al. who concluded that
the addition of SIM to the PLGA + HA/BTCP scaffold positively impacts the osteoin-
ductive capacity of stem cells from human exfoliated deciduous teeth (SHED). This is
an important discovery as it demonstrates the potential for SIM to enhance the
performance of tissue engineering scaffolds in promoting bone formation. Further
research in this area could lead to the development of improved scaffolds for bone
regeneration, with potential applications in the treatment of bone defects and injuries.
They evaluated the effect of embedding simvastatin on the osteoinductive capacity of
PLGA + HA/PTCP scaffolds in SHED [16]. However, new study from Ozturk et al. [17]
showed 16 male New Zealand rabbits which were on high-cholesterol diet for 8 weeks,
and hyperlipidemia was created. A critical-sized defect was created in the mandible.
The defect was closed with xenograft and membrane. Oral 10 mg/kg atorvastatin was
started in the experimental group, and no drug was administered in the control group.
At the 16th week, animals were sacrificed. In conclusion, the study provides valuable
insights into the potential impact of atorvastatin on bone regeneration in dental
implantology in individuals with hyperlipidemia. New bone area (45,924 pm?,
p < 0.001) and AP intensities (105.645 + 16.727, p = 0.006) were higher in the atorvas-
tatin group than in the control group, and TRAP intensities in the control group
(82.192 + 5.346, p = 0.021) were higher than those in the atorvastatin group [17].
Yamashita et al. investigate the effects of SIM on tumor necrosis factor alpha (TNF-«)
suppression of bone morphogenetic protein-induced Runx2 expression and alkaline
phosphatase activity. SIM is tested in combination with BMP-2 and TNF-a to deter-
mine its impact on the regulation of Runx2 expression and ALP activity. SIM
(3-30 pM) is used in combination with BMP-2 (100 ng/ml) and TNF-a (10 and 30 ng/
ml) for 48 hours. In conclusion, the results of the study suggest that SIM has a poten-
tial role in mitigating the suppression of bone morphogenetic protein-induced Runx2
expression and alkaline phosphatase activity by TNF-a. The combination of SIM with
BMP-2 and TNF-a demonstrated a significant impact on the regulation of Runx2
expression and ALP activity. These findings hold promise for potential therapeutic
interventions in conditions where TNF-a negatively affects bone formation [18].
However, the existing literature and animal studies suggest that statins have
the potential to enhance osseointegration and improve long-term implant success
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in dental implantology. The mechanisms underlying the effects of statins on
osseointegration are not fully understood, and more research is needed to evalu-
ate their clinical efficacy and safety in human patients. Additionally, studies have
shown that statins can promote bone formation, inhibit bone resorption, and
have anti-inflammatory effects, which are all beneficial for osseointegration in
dental implants. Animal studies have shown that statins can increase bone forma-
tion around dental implants, improve implant stability, and reduce complications
such as peri-implantitis. These findings suggest that statins could be a promising
adjunctive therapy in dental implantology. Furthermore, some authors have sug-
gested that statins may have a potential role in reducing the risk of implant failure
in patients with systemic conditions such as osteoporosis or diabetes. Overall, the
available literature and animal studies indicate that statins have potential benefits
in dental implantology by improving osseointegration and long-term implant suc-
cess. However, it is important to note that more research is needed to fully under-
stand the optimal dosage, duration, and administration method of statins in dental
implantology, as well as to evaluate their potential adverse effects and interactions
with other medications [17, 18].

3. The effect of statins on bone metabolism and bone formation

Statins, a widely prescribed class of medications primarily used for the manage-
ment of hyperlipidemia, have garnered significant attention in recent years for their
potential to influence bone metabolism and promote new bone formation. This
paper aims to review the current scientific understanding of the mechanisms by
which statins exert their effects on bone homeostasis and their potential therapeutic
implications.

Bone is a dynamic tissue that undergoes continuous remodeling, a process
regulated by the delicate balance between bone formation by osteoblasts and bone
resorption by osteoclasts [19]. Interestingly, numerous studies have demonstrated
that statins, in addition to their well-established lipid-lowering properties, can also
significantly modulate bone metabolism through complex mechanisms. Statins have
been found to influence the differentiation and activity of both osteoblasts, the cells
responsible for bone formation, and osteoclasts, the cells that mediate bone resorp-
tion. By regulating the balance between these two cell types, statins can promote the
overall process of bone remodeling and potentially enhance new bone formation. This
multifaceted effect of statins on bone metabolism has garnered significant interest in
the field of bone health and osteoporosis management [19, 20]. One of the proposed
mechanisms by which statins exert their osteogenic activity is through the inhibition
of the mevalonate pathway, a key metabolic pathway involved in the synthesis of
cholesterol and other important lipid molecules. By inhibiting this pathway, statins
can modulate the production of intermediates such as farnesyl pyrophosphate and
geranylgeranyl pyrophosphate, which play crucial roles in the regulation of osteoblast
and osteoclast function. This inhibition leads to increased osteoblast differentiation
and activity, as well as reduced osteoclast formation and bone resorption, ultimately
promoting new bone formation and maintaining bone homeostasis.

Furthermore, statins have also been found to exhibit anti-inflammatory and
antioxidant properties, which can contribute to their beneficial effects on bone
health. Chronic inflammation and oxidative stress are known to be key contributors
to the development and progression of various metabolic bone diseases, including
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osteoporosis. By counteracting these detrimental factors, statins may help to create a
more favorable microenvironment for bone regeneration and maintenance.

In addition to these direct effects on bone cells, statins have also been reported to
influence bone metabolism through indirect mechanisms. For instance, some stud-
ies have suggested that statins can stimulate the production of bone morphogenetic
proteins, a family of growth factors that play a crucial role in the differentiation and
activity of osteoblasts [21]. This indirect pathway may further enhance the osteogenic
potential of statins and contribute to their bone-protective effects.

While the beneficial effects of statins on bone metabolism have been widely
documented, it is important to note that the magnitude and clinical significance of
these effects may vary depending on factors such as the type of statin, the dosage, and
the individual patient’s response.

Ongoing research and clinical trials are aimed at further elucidating the precise
mechanisms by which statins influence bone metabolism and evaluating their poten-
tial therapeutic applications in the management of metabolic bone diseases, such as
osteoporosis. These investigations seek to optimize the use of statins as a treatment
option for improving bone health and reducing the risk of fractures, particularly in
high-risk populations.

In conclusion, the available evidence suggests that statins, in addition to their
well-established cardiovascular benefits, possess the potential to positively impact
bone metabolism and promote new bone formation [22, 23]. The understanding of
the underlying mechanisms and the development of targeted therapeutic strategies
incorporating statins may contribute to the improvement of bone health and the
management of metabolic bone diseases in the future. Further research is needed to
fully elucidate the complex interactions between statins and bone metabolism, as
well as to determine the optimal dosing and treatment regimens for maximizing their
bone-protective effects. By leveraging the versatile properties of statins, clinicians
may be able to develop more effective interventions for preserving skeletal integrity
and reducing the burden of debilitating conditions like osteoporosis [24].

4. The molecular mechanism of statins in promoting newly formed bone

Statins, a class of medications primarily used to lower cholesterol levels, have
garnered significant attention in the field of bone biology due to their potential role
in promoting the formation of new bone. The discovery of statins’ bone anabolic
properties has led to numerous investigations into their use for the treatment of bone
catabolic diseases, such as osteoporosis.

The molecular mechanism by which statins influence bone metabolism is mul-
tifaceted and involves several key pathways. Statins act by inhibiting the enzyme
3-hydroxy-3-methylglutaryl coenzyme A reductase, the rate-limiting step in hepatic
cholesterol biosynthesis [25]. This inhibition results in a reduction of serum choles-
terol levels, which has been linked to increased bone mineral density and a decreased
risk of osteoporosis-related fractures [26].

One of the primary mechanisms by which statins promote bone formation is
through the upregulation of the bone morphogenetic protein-2 gene. This gene is a
potent inducer of osteoblast differentiation, leading to enhanced mineralization and
the formation of new bone.

Additionally, recent studies have uncovered a link between cholesterol metabo-
lism and bone homeostasis, mediated by the oxysterol 27-hydroxycholesterol.
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This cholesterol metabolite has been shown to decrease osteoblast differentiation
and enhance osteoclastogenesis, resulting in increased bone resorption. Statins,

by modulating cholesterol metabolism, can counteract the negative effects of
27-hydroxycholesterol on bone, thereby promoting a more favorable bone remodel-
ing balance [25, 26].

Statins have also been found to have anti-inflammatory properties, which can
contribute to their bone-promoting effects. Inflammation is a known risk factor for
osteoporosis, and by reducing inflammatory cytokines and mediators, statins can
create an environment more conducive to bone formation and repair.

Despite the promising results from in vitro and animal studies, the efficacy of
systemic statin administration in the treatment of osteoporosis in humans has been
somewhat limited. However, alternative dosing strategies, such as local applications
of statins or the development of bone-targeting systemic preparations, may prove to
be more effective in the future.

In conclusion, the molecular mechanism by which statins promote the formation
of new bone involves a complex interplay between their effects on cholesterol metab-
olism, bone morphogenetic signaling, and anti-inflammatory properties. Statins
inhibit the enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase, which reduces
cholesterol levels and leads to increased bone mineral density. They also upregulate
the bone morphogenetic protein-2 gene, enhancing osteoblast differentiation and
bone mineralization. Furthermore, statins can counteract the negative effects of the
cholesterol metabolite 27-hydroxycholesterol on bone homeostasis, and their anti-
inflammatory properties create a more favorable environment for bone formation and
repair [27].

5. The effect of statins on soft tissue healing in the oral cavity

The cardioprotective effects of statins are well-established, with numerous studies
demonstrating their ability to enhance endothelial function, exert anti-inflammatory
and anti-atherothrombotic properties, and modulate the immune system [28, 29].
However, recent investigations have uncovered the potential benefits of statins in
promoting soft tissue healing within the oral cavity.

One of the key mechanisms by which statins may contribute to improved soft
tissue healing in the oral cavity is through their influence on the body’s inflammatory
response. Statins have been shown to possess anti-inflammatory properties, reducing
the production of pro-inflammatory cytokines and mediators, which can impede the
natural healing process. By mitigating inflammation, statins may create an envi-
ronment more conducive to the repair and regeneration of soft tissues, such as the
gingiva, oral mucosa, and periodontal tissues.

Moreover, statins have been observed to enhance the proliferation and migra-
tion of cells involved in tissue repair, such as fibroblasts and endothelial cells. This
increased cellular activity can accelerate the deposition of extracellular matrix
components, promote angiogenesis, and facilitate the overall healing of soft tissues
within the oral cavity.

Interestingly, the potential benefits of statins on soft tissue healing in the oral
cavity may extend beyond their direct effects on the tissues themselves. Statins have
been found to exert positive impacts on bone metabolism, potentially improving the
integration and stability of dental implants or promoting the healing of periodontal
defects [21, 30].
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While the research in this area is still ongoing, the existing evidence suggests that
the use of statins may hold promise in the management of various oral soft tissue
conditions, such as gingivitis, periodontitis, and postsurgical healing. In particular,
the anti-inflammatory and cell-proliferative effects of statins have been shown to
potentially enhance the healing and regeneration of gingival, mucosal, and peri-
odontal tissues, which could lead to improved outcomes in the treatment of common
oral health issues. Furthermore, the potential benefits of statins on bone metabolism
may also contribute to better integration and stability of dental implants, as well as
the healing of periodontal defects. Overall, the promising findings warrant further
investigation to fully elucidate the role of statins in promoting soft tissue healing
within the oral cavity [31].
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Chapter 14

The Effect of Different Osteotomy
Techniques on Implant Stability
in Implant Socket Design

Levent Cigerim and Zeynep Dilan Orhan

Abstract

Dental implant surgery is one of the most common oral and maxillofacial surgical
procedures performed today. While standard drilling protocols recommended by implant
manufacturers can be used for routine cases, routine osteotomies may not be sufficient
for implant stability in different bone types or in cases where the bone structure dif-
fers due to local or systemic reasons. The use of various modified osteotomy (drilling)
protocols to solve such cases contributes positively to primary implant stability.

Keywords: dental implant, osteotomy, drilling, primary stability, socket design

1. Introduction

Extensive knowledge of physics and mechanics, along with a strong emphasis on
the soft and hard tissues around dental implants, is necessary for oral and maxillofa-
cial surgery. The introduction of different osteotomy techniques has greatly impacted
the field of implant stability in implant socket design. These techniques have been
developed to improve the initial stability of dental implants and to enhance the long-
term success of osseointegration [1, 2].

The current osteotomy technique is classified based on the tip of the osteotomy,
the major osteotomy, and the manipulation. The severity of the effects of implant
therapy, the final stability of the implant removal technique, and the mechanical and
anatomical movements in the positioning direction of the implant are the determi-
nants of implant-to-bone stability.

Implant stability for implantology can be defined as the remaining mechanical
implant system and good quality bone at the end of the recipient bed. Bone quality can be
seen in terms of the quantity and quality of the operating receiver bones. The mechani-
cal properties of the implant operating receiver are closely related to the type of office
implant to be used, the volume of bone in the width of the implant operating receiver,
and the operating volume of the bone receiver in the length of the implant [3, 4].

The effect of different osteotomy techniques on implant stability in implant socket
design is a critical aspect of implant surgery. Its resistance after being placed, leading
to a decrease in the required number of turns for placement and ultimately ensuring
stability of the implant influences the mechanical properties of the implant receiver.
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The main objective of this chapter is to explore the correlation between different
osteotomy methods and the stability of dental implants. The goal is to offer important
perspectives for dental practitioners [5].

2. Anatomy and physiology of the alveolar bone

The maxillofacial skeleton is formed by the cranial bone in the axial region.

The dental alveolus forms a complex anatomically formed by the bone, cementum,
periodontal ligament, and gingival lining the individual teeth. The alveolar bone can
be classified into cortical (compact) bone, supporting bone (cancellous), and buccal
or palatal flanges (Figure 1). The alveolar bone is attached to the base of the maxilla
or the mandible and supports and protects the roots of the teeth.

The proteins produced by the overall molecular biology processes reach every part
of a dental implant; the term for immobilization of implant body and surface is osseo-
integration (Figure 2). An adequate bone volume or the use of bone grafts significantly
influences the success of osseointegration in a dental implant. The major determinant
in the mechanical biologic performance of bone instability is due to strength (content
of mineralized collagen), remodeling, and turnover (established by estrogen, manage-
ment, etc.). The alterations in bone affect the implant’ initial stability in addition to the
implant’s physical properties (length, width, surface area) in creating primary stability
by the depth of osteotomy site. Wireless length and stability of phonetic are high for the
posterior region than the anterior region and the portal area in the maxilla. The process
of placing a metal implant or device within the mandible or maxilla is called osteotomy
or bone cutting. There are, however, various types and methods of surgical options [6-9].

2.1 Structure of the alveolar bone

The typical configuration of the alveolar bone consists of denser, cortical external
tables surrounding medullary bone. The external tables are composed primarily of
compact bone, which provides strength and support to the surrounding structures. The
internal tables, on the other hand, are made up of cancellous bone, which is more porous
and provides a greater surface area for blood supply and bone remodeling. In addition,
the alveolar bone is composed of both cortical and cancellous bone, which contribute
to its overall strength and density. This structural composition plays a crucial role in
determining the success of different osteotomy techniques in implant socket design.

1 ] m v

Figure 1.

Bone quality classification; Type I: Dense, uniform cortical bone with minimal marrow space. Type II: Thick
cortical bone with a noticeable marrow cavity. Type III: Thin cortical bone with dense trabecular bone, suitable for
implants despite the thinner cortex. Type IV: Thin cortical bone with low-density trabecular bone. Source: Ref. [6].
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Figure 2.
Osseointegration after implant placement Ref. [7].

The density and quality of the alveolar bone are important factors that contribute
to implant stability and successful osseointegration. Nonetheless, a certain variability
in the microarchitecture could be found. The medullary bone may have intertrabecu-
lar porosities containing bone marrow tissues. In contrast, the cortical bone contains
abundant osteocytes distributed among its lateral and terminal channels. These
osteocytes have the potential to play an essential role when deciding the surgical pro-
tocol in dental implantology, which involves bone drilling or osteotomy procedures.
Specifically, the drilling techniques commonly employed, include the steel bur drills
and the piezosurgical tips. For the osteotomy, both hard tissue and soft tissue cutting
techniques could be applied. Bone cutting may include chiseling, the ultrasonic and
piezoelectric osteotome, and bur osteotomy. The cutting of the soft tissue may include
filtration and fibrotomy [10-12].
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3. Implant stability

Osseointegration is very important for the success of implant application. The
achievement of direct contact between the bone and implant is most important for
achieving osseointegration. The implant stability is the initial key for the early osseo-
integration. The implant stability is affected by the surgical procedure. In particular,
mini implants are easily influenced by the surgical procedure. Everything can be
counted as a factor of the implant stability in compliance with the definition in the
relevant literature. For this purpose, the primary stability was defined, particularly in
implantology, and a rigid connection was created by adding a part onto the implants,
in order to eliminate the screw connection and negatively affect the initial stability in
the first stage. This process has provided better prosthetic treatments without prob-
lems. The diameter changes of the implant and the bone-implant contact surface are
very important for osseointegration [11, 13-16].

In the case of making implant applications to the edentulous areas, the lateral
bony wall thickness and height are important for obtaining the primary mechanical
stability. In conditions where tooth loss is out of control, width and height changes
occur in the bone, which causes the oral tissues to be deformed in a structural manner.
It is important to know the alveolar bone structure in pre-implant planning. At this
stage, it is important to evaluate the socket before placing the implant and to make the
necessary modifications in the bone [17-19].

Implant stability relies on micromotion. Motion restriction threshold and
decreased primary stability are critical for cell development and osseointegration.
Rapid insertion, stability repetition, and bone condensation aid bone adaptation.
Biological and mechanical factors affect primary implant stability, evaluated
through insertion torque and resonance frequency analysis. Torque provides
initial stability while resonance frequency analysis measures the stability over
time [20].

3.1 Factors affecting implant stability

Macro-design factors are important to achieve primary stability in the implants.
To achieve this, a few variables should be selected and standardized from the design
features among theoretically proposed variables such as thread geometry, pitch,
shoulder form, surface characteristics, and the implant design factors. In addition,
the structure of the implant bed, bone type, direction of torque application, and the
presence of micro-threads are among the main factors affecting the primary stability
of the implant [21-23].

Additionally, considering age, sex, smoking, bone properties, implant type, intra-
operative surgical parameters such as surgical experience, the osteotomy technique,
implant design, and dental care can increase the implant stability and have a positive
influence on the structural connection interface between bone and implant. Since
optimum implant stability results in a faster operation process, the first practice is the
acquisition of primary implant stability and successful osseointegration. Increasing
and accelerating the healing response after implant installation can be done by
enhancing the bone-implant contact (BIC) ratio and increasing the mechanical
bonding of the implant to the surgical bed. Factors affecting the reaching of a balance
between these two processes are surgical-dental factors such as implant diameter,
implant shape and length, bone quality, quantity, and contact with the neighboring
anatomical structures as well as biological factors [1, 24-26].
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3.2 Methods for assessing implant stability

Implant stability can be assessed by measuring the stability or placement
amount of an implant at a certain time, and it changes with the osseointegration
process. The implant stability can be measured directly and indirectly by various
tests (Figure 3). The most commonly used methods for measuring implant stability
are resonance frequency analysis (RFA), insertion torque (IT), and removal torque
(RT) [1, 2, 27].

RFA, the method of percussion sounds is a qualitative method to assess implant
primary stability. This is a palpation with a small bone tap with a length of about
3 cm that has a round or flat end and an edge diameter of about 3 mm. This percus-
sion is performed successively over the dominal and apical endings of the implant,
the stability of which is determined. The lower the sounds, the more stable the
implant is. At the moment of implant placement, a surgical kit’s gauge is used
to measure the insertion torque of the implant. The insertion torque applied to
the implant’s surroundings produces densification of the bone and, therefore, an
increase in primary stability. It is important to use a torque wrench with the handle
parallel to the vertical axis to avoid false measurements. To achieve adequate
primary stability, the average insertion torque values are between 20 and 30 N/cm,
depending on the quantity and quality characteristics of the bone. The condition is
that the insertion torque should not be less than 10-15 N/cm to avoid overloads on
the implant, which can decrease the success and osseointegration of the implant.
Another traditional method for evaluating the strength of implant-to-bone contact
is removal torque test. This test is performed using a torque wrench. The torque
wrench measures the rotational force required to remove the implant from the
bone [28-32].

a Tensional b Push-out c Pull-out

d Insertional/Removal Torque e Periotest f RFA

Figure 3.
Methods for measuring implant stability. Source: Ref. [8].
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4. Osteotomy techniques

There are several different osteotomy techniques that can be used to prepare the
implant site, and the choice of technique can have a significant impact on the stability
of the implant. For example, the use of conventional drilling techniques may result
in greater implant stability initially, but the bone may undergo more remodeling over
time. On the other hand, the use of piezoelectric or osseodensification techniques
may lead to reduced initial stability but less bone remodeling in the long term. These
techniques have been found to be beneficial in certain clinical scenarios [25, 26].

4.1 Conventional osteotomy technique

The conventional osteotomy technique is the classic therapy for bone drilling, and
this method is the reference standard for all drilling instruments. A medical drill that
includes a rotating bur used for drilling through bones or teeth is hand-held mechani-
cal but is often driven by a motor or a rotary drill. A modern surgical drill is a drill used
by surgeons and dentists to perform a bone removal procedure, by segmental en bloc
resection or by transplant resection, to excise various portions of the bone including
tumors, cysts, and foreign materials. The surgical technique presented here, which
employs the conventional method of implant site preparation, is founded on conven-
tional rotary cutting systems and involves the use of drills with different diameters and
lengths to create an osteotomy site that is suitable for implant placement (Figure 4).

In comparison to all other current techniques, this device creates wider or
narrower bony fractures with less force, less microfracture, and less trauma. This
helps to increase the peri-implant bone vascularization and the new bone forma-
tion, which aids in the overall healing process. The goal is to create minimal bone
loss and decrease surgical duration. The conventional osteotomy technique plays
a crucial role in the stability of implants within the implant socket design. It is
widely used in dental implant surgeries and has been extensively studied for its
impact on implant stability. This time-honored approach has been extensively
utilized due to its remarkable effectiveness and success rate in achieving optimal
results [1, 34, 35].

| =
=

U

Figure 4.
Conventional osteotomy drills in an ascending ovder. Source: Ref. [33].
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The goal of drilling techniques is to produce an ideal cavity smooth wall profile
with the desired undercuts. Three essentially different methods accomplish this task:
Sequential drilling, step-drilling, and bone compression drilling.

4.1.1 Sequential drilling technique

Sequential drilling is an approach of implant site preparation done through a series
of increasing diameter drills. This method produces the deepest undercut on the
topmost layer of the cavity wall, and since the mechanical profile of the drilling tool is
wider than that of the pre-drill, osteotomy would not progress beyond the depth of the
pre-drill. When the larger drill is activated, milled layers of bone are generated until the
completion of the widener drill. Once implant pre-drilling is completed, the wedging
action induced by the implant would start pushing bone toward the adjacent regions of
the implant and this would create secondary undercuts on the cavity side walls [36, 37].

4.1.2 Step-drilling technique

In this technique, the pilot is drilled either to the depth of the pre-prepared treat-
ment plan or drilled slightly into the bone at superficial levels. Initially, a pilot hole
with a small diameter is drilled and then the hole is gradually enlarged with larger
diameter drills. This method helps to prevent overstretching of the bone with slow
and controlled expansion and prevent possible fractures.

While, by using step-drilling one can be more systematic in the enlargement of
the area for the hole, in using the sequential drilling one will be in a better position to
control the size of the hole together with its depth. Step-drilling is mainly concerned
with the increase in the diameter of the bone while sequential drilling controls both,
the diameter and the depth. With regard to the extent of enlargement, sequential
drilling provides a much safer and more manageable process of enlargement in com-
parison with step-drilling while, regarding the accuracy of preparation of the hole,
the second type provides better results than the first one [1, 2, 38].

4.1.3 Bone compression drilling technique

Bone compression drilling is an autoimpaction osteotomy technique that relies on
the compacting intrinsic device curvature rotational motion. This motion produces
continuous compressing, plasticizing, and displacing forces that work against the bone
tissue. These bone expansion and compaction effects occur without burr cutting and
the generation of voided osteotomy, but, instead, the creation of bone-imbedded oste-
otomy. Since implant insertion is equal to the osteotomy expansion and avoids cutting
action, the compression drilling device diameter would be larger than the implant body.

This technique is different from the conventional and under-preparation tech-
niques and creates inherently different surgical and biomechanical scenarios. On the
one hand, the bone-compressing dental implant approach positively affects bone
biomechanical support and immediate primary stability. On the other hand, bone-
imbedding osteotomy negatively affects the dental implant rotation during place-
ment, thus, deriving higher bone-imbedded forces and nonyielding torque [36, 39].

4.2 Piezoelectric osteotomy technique

Piezoelectric ultrasonic osteotomy is a method wherein mechanical oscillations or
vibrations of very high frequency are imposed on an oscillating tip and the sine wave
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Figure 5.
Piezoelectric osteotomy technique, using different tips in an ascending order A-C. Source: Ref. [40].

energy applied is processed into a well-defined oscillation pattern that can be exclu-
sively selected. Application of the tip to mineralized tissues leads to piezoelectricity
allowing for almost perfect cutting precision without affecting surrounding soft
tissues by the selective cutting of bone during dental implant surgeries (Figure 5).
Ultrasonic osteotomy systems comprise two key parts: an ultrasonic stimulator or
generator, usually mounted in a box, and a handpiece with an oscillating metal tip. The
vibrations generated by the ceramic pellets contained in the handle of the instruments
induce a high-frequency almost linear reciprocal motion of the metallic tip of the instru-
ment. In a piezoelectric bone surgery unit, the handpiece vibrates at a similar frequency
to the ultrasonic piezoelectric dental scaler, however, it is three to six times more
powerful. At frequencies of 25-35 kHz, the instrument is only cutting mineralized tissue
leaving the soft tissue virtually untouched. Soft tissue, such as periosteum, vibrates
without rupture at the same frequency as the tip of the instrument, this also favors the
preservation of the surrounding vascularized pericranium and better healing.
Although implantation may be successful using conventional procedures, there
remains a considerable risk of adjacent bone or tooth tissue damage because of the
difficulty in managing the drilling force, leading to an increase in temperature at the
osteotomy sites. The piezoelectric osteotomy technique has some advantages over
traditional rotary and oscillating techniques. It is a non-invasive device and patient
safety is practiced in all procedures, in addition to the greatest comfort and safety in
all bone-cutting procedures. It also produces clean cuts and can be placed very close
to soft tissues and tooth structures without the risk of damaging these structures,
which are cut selectively, does not produce thermal damage, and allows for better
healing rates as compared to the others. Additionally, it is possible to not create a
pressure image, minimizing surgical risks and even the incorporation of the patient’s
medical history (congenital or acquired bone osseous tissues of the systemic disease-
description layer) before the surgery, with the ability to section the high volume
tissue. Furthermore, the gradual use of new ultrasonic tips with different geometries
has broadened the use of this modality in the field of implantology, tools that are
quite easy to handle and highly flexible in terms of clinical application, since they can
be used to expand all types of the implant bed in both the horizontal and axial posi-
tions. In summary, piezoelectric techniques in dental implant surgery might very well
develop into an ideal method for cutting hard tissues and drilling implants [40-45].

4.3 Recent advances and innovations in osteotomy techniques

Recent advances in osteotomy techniques are exciting for dental implant surgery.
Computer-Aided Design and Manufacturing (CAD/CAM) is being used more
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frequently in surgery and dentistry. A new approach of CAD/CAM was developed
with a titanium mesh for a pre-planned osteotomy and implant placement. This
technique is easier and provides accurate results compared to conventional methods.
Metal 3D printing complements CAD/CAM and allows for precise placement of
implants. Research is being conducted to optimize implant position and improve bone
formation. Robot-assisted osteotomy is also being developed for accurate cutting.
CAD/CAM in osteotomy allows for total control during surgery. Robotic technology
has been integrated into surgical procedures, including dental implants. While there
are challenges, a dual-robot system has been developed to increase flexibility in the
implant process [46-48].

5. Implant socket design

Socket design is the understood shape/geometry of the dental implant after it
is placed in the body, which directly affects the success of the dental implant by
either improving or impairing osseointegration. Hence, socket design needs to be
scrutinized for its different advantages and disadvantages over the others. Generally,
sockets can be classified on the basis of the timing of placement and hence two main
sockets comprise either immediate implant placed sockets or delayed implant place-
ment sockets. Socket designs are generally cylindrical, tapered, wide/narrow grooves,
serrated designs, self-tapping, and thread designs.

Designs of the implant also include screw implants, cylinder implants, and
blade implants. Modern designs comprise of screws only. Further detailing in screw
designs comprises a smooth neck, grooves turned on the body of screws, serrated
designs, undercut designs, and self-threading screw designs. These modern designs of
implants supposedly grip the bone tightly imparting mechanical stability. It has been
found that more than 70% of bone to implant contact occurs within 3 weeks of initial
placement [49, 50].

Osteotomy is a significant procedure during the placement of dental implants.
Effectiveness and bone injury in osteotomy are necessary for the long-term success of
an implant. Implant sockets have various types, and their designs influence implant
primary stability. Implant sockets include conventionally expanded, self-drilling, and
self-tapping. The implant is advanced within the bone, twisting and compressing the
surrounding immediate bone. All implant sockets have features both in drilling proto-
cols and their self-tapping components, but their osteotomy techniques are different
from each other. Drill entry, drilling sequence, and design of each implant socket
can also be factors affecting the clinical and radiographic outcomes of an implant. In
this issue, implant socket design can respond to the question of different osteotomy
techniques and their effect on implant stability in the particular buccal region of the
anterior mandible. However, this issue cannot be predicted exactly [1, 2].

Bone quality and quantity are crucially important factors for long-term implant
success. A flat rationale should not be employed in socket design for all tooth-type
models. Poor bone quality (D3-D4) would demand a larger platform implant with
awider (4.3 mm) diameter so that more bone surface area is acted upon, leading to
superior mechanical fixture stability. The amount of resorbed bone height following
extraction is found to be better preserved in molars compared to incisors, premolars,
and canines. Therefore, it is reasonable to design a socket for posterior teeth that
compensates for normal resorption animations. Maxillary tuberosity area is often
proposed as a location for additional bone, since under normal situation-wide
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horseshoe-shaped septum bone is left following extraction. Of the common plac-
ing sites of implants, the posterior mandible having innervated sub-mental vessels
would demand particular socket design consideration to accommodate for the pos-
sibility of accidental vessel perforation. Another site, in less flexibility ridge, would
be the canine [51, 52].

There are several types of implant sockets that can be used in different osteotomy
techniques to enhance implant stability. The most common types include tapered and
cylindrical implant sockets. Each type of implant socket has its own advantages and
disadvantages. For example, when comparing different types of implant sockets, it
is important to consider their impact on both initial stability and stress on the sur-
rounding bone. A tapered implant socket may offer superior initial stability, ensuring
a secure fit from the start. However, this increased stability can also result in height-
ened stress on the surrounding bone tissue. On the contrary, a cylindrical implant
socket may distribute stress more evenly, reducing the strain on the surrounding
bone. Nevertheless, this can also lead to reduced initial stability [53].

6. Conclusion

In conclusion, the osteotomy technique used to place the implant significantly
affects implant stability. It is important to know the interplay between different
osteotomy techniques and implant socket design. Implant primary stability directly
relates to surgical cell loads and, together with the ability to disperse forces with a
high friction coefficient, is determinant in deciding the proper osteotomy technique.
Therefore, it is a mandatory requirement to reduce trauma. Although bone quality
predicts primary stability, there are alternatives designed for low-quality bone in cases
where no adequate bone is present. Furthermore, it is important to evaluate the effect
of the engagement of threads on implant stability during the osteotomy process.
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