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Ab_stract

In surgical procedures for femoral shaft fracture treatment, current techniques for locking the
distal end of intramedullary nails, using two screws, rely heavily on the use of two-
dimensional X-ray images to guide three-dimensional bone drilling processes. Therefore, a
large number of X-ray images are required, as the surgeon uses his/her skills and experience
to locate the distal hole axes on the intramedullary nail. The long term effects of X-ray
radiation and their relation to different types of cancer still remain uncertain. Therefore, there
is a need to develop a surgical technique that can limit the use of X-rays during the distal
locking procedure.

A Robotic-Assisted Orthopaedic Surgery System has been developed at Loughborough
University named Loughborough Orthopaedic Assistant System (LOAS) to assist
orthopaedic surgeons during distal locking of intramedullay nails. It uses a calibration frame
and a C-arm X-ray unit. The system simplifies the current approach as it uses only two near-
orthogonal X-ray images to determine the drilling trajectory of the distal locking holes,
thereby considerably reducing irradiation to both the surgeon and patient. The LOAS differs
from existing computer-assisted orthopaedic surgery systems, as it eliminates the need for
optical tracking equipment which tends to clutter the operating theatre environment and
requires care in maintaining the line of sight. Additionally use of optical tracking equipment
makes such systems an expensive method for surgical guidance in distal locking of
intramedullary nails.

This study is specifically concerned with the improvements of the existing system. A
potential problem with the existing System is the appearance of one or more of the opaque
markers (embedded in the calibration frame plates) within or on the edge of the oval-shaped
distal hole projection. An automatic technique has been implemented which removes the
effect of such markers, therby eliminating the need for repositioning the calibration frame or
using a smaller number of opaque markers. Furthermore, the existing calibration frame is not
suitable for use across wide range of patient physiologies. The cross-sectional images of the
upper leg and anthropometric data are therefore used to propose a calibration frame which is
suitable to be used for middle 95% of the population. In order to evaluate the robustness of
the machine vision system using proposed calibration frame during clinical use, realistic
trials using flesh-covered sheep femur were conducted. Based on the results obtained from
the laboratory trials presented in this thesis, it has been shown that the proposed system
provides the accuracy required for successful insertion of distal locking screws.

The adopted off-line modelling of the nail to generate look-up tables reduces the length of
time for the computation of the drilling trajectory and thus has the potential for reducing the
overall time required for the surgical procedure. Analysis has shown that once Lateral and
AP x-ray image acquisition is performed, around 20 seconds are taken for computation of
drilling trajectory of the distal locking hole. Furthermore, it allows modelling of any shape of
intramedullary nail accurately; therefore nails from different manufacturers can be modelled.
Also, the system uses robust machine vision features to reduce the surgeon’s interaction with
the system, thus reducing the overall operating time. Laboratory test results have shown that
the proposed system is very robust in the presence of variable noise and contrast in the X-ray
images and in terms of variable magnification.




In summary, the LOAS, which is also applicable to other osteosynthesis procedures, such as
tibial distal locking and humeral shaft fracture treatment, has the potential to reduce the
surgical time and to make the procedure more consistent, irrespective of variations in the
skill levels and experience of clinical staff.

Keywords: robotic/computer-assisted orthopaedic surgery, intramedullary nailing, distal
locking
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Anterior: It denotes the front surface of a structure.

Anterior-Posterior (AP): In x-ray imaging, it denotes taken or viewed from front to
back through the body.

Acute respiratory distress syndrome (ARDS): It is a life-threatening condition that
causes lung swelling and fluid build up in the air sacs. This fluid inhibits the passage

of oxygen from the air into the bloodstream.

Aseptic technique: It is a technique to protect against infection by pathogenic micro-

organisms.

Autologous graft: It is transfer of a tissue from one site to another site in the same

individual.

Bone Healing: As soon as a fracture occurs, the body acts to protect the injured area,
as soon after the fracture, the blood vessels constrict, stopping any further bleeding.
Within a few hours after the fracture, the extravascular blood cells, known as a
"hematoma”, form a blood clot. All of the cells within the blood clot degenerate and
die. Some of the cells outside of the blood clot, but adjacent to the injury site, also
degenerate and die. Within this same area, the “fibroblasts” i.e. connective tissue cells
survive and replicate. Over a period of time new "threads" of bone cells start to grow
on both sides of the fracture line. These threads grow toward each other, resulting in

bone healing i.e. solid union of the fracture.

Bounding box: It describes the rectangle containing the region i.e. [ul_corner width],
where, “ul_corner” is in the form [x y] and specifies the upper left corner of the
bounding box in terms of x & y co-ordinates, and “width” is in the form [x_width

y_width] and specifies the width of the bounding box along x & y axis.

Carcinogenic: It implies producing or tending to produce cancer.
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Centering: It involves, loosening of the tripod screw, and slowly translating the
theodolite until it is exactly centred over the survey point, then tightening of the

SCrew.

Congenital: It implies existing at or before birth usually through heredity, such as

congenital deafness.

Cortical bone: It is the dense outer surface of bone that forms a protective layer

around the internal cavity. It is also known as compact bone.
Distal: It refers to the part of the structure furthest away from the centre of the body.
Endosteal: It is the thin layer of cells lining the medullary cavity of a bone.

Haematoma: It is a mass of clotted blood that forms in a tissue, organ, or body space

as a result of a broken blood vessel.
Hemostat: Itis a surgical tool which resembles a set of scissors.
Ipsilateral: It is located on or affecting the same side of the body.

Injury Severity Score (ISS): It is an anatomical scoring system that provides an
overall score for patients with multiple injuries. Each injury is assigned an
Abbreviated Injury Scale (AlS) score and is allocated to one of six body regions
(Head, Face, Chest, Abdomen, Extremities (including Pelvis) and External). Only the
highest AIS score in each body region is used. The 3 most severely injured body

regions have their score squared and added together to produce the ISS score.
Laparotomies: It is a surgical incision into the abdominal wall,

Malunion: It means incomplete union or union in a faulty position after a fracture or
wound. Types of malunion include overlap and shortening, angulation, rotation and
© Cross-union i.e. union to an adjacent bone. The most common reasons for malunion
are poor reduction of the original fracture, poor holding of an originally well reduced

fracture, soft tissue contracture, and gradual collapse of the fracture due to

comminuted or osteoporotic bone.
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Medial: It implies in or toward the middle; nearer the middle of the body. Lying or
extending in the middle; especially of a body part for example lying or extending

toward the median axis of the body, such as the medial surface of the femur.

Millirem (mrem): It is a unit used to measure the effect of radiation on the human
body.

Necrosis: It implies death of bone tissue due to impaired or disrupted blood supply as

that caused by traumatic injury or disease.

Percutaneous: It pertains to any medical procedure where access to inner organs or
other tissue is done via needle-puncture of the skin, rather than by using an "open"

approach where inner organs or tissue are exposed.

PeopleSize: It is an anthropometry dataset which gives data on human sizes for

design ergonomics.
Posterior: It refers to the back surface of a structure.
Proximal: It refer to the part of a structure closest to the centre of the body

Radiolucent: Anything that permits the penetration and passage of X-rays or other

forms of radiation.

Septic arthritis: It is an infection of the joints characterized by pain, fever, chills,
inflammation, and swelling in one or more joints, and loss of function in those joints.

It is also known as infectious arthritis or pyogenic arthritis.
Sv: It is a unit 100 times larger than “mrem”, i.e. ImSv = 100mrem.

Trabecular or cancellous bone: It is spongy, and makes up the bulk of the interior of

- most bones.

Valgus: It describes a deformity where, in the case of a leg, the limb is bent toward

the midline of the body.

Varus: It describes a deformity where, in the case of a leg, the limb is bent away from
the midline of the body.
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1 Introduction

The femur or thigh bone is the longest, largest (by volume) and strongest bone of the
human body [1]. A femoral shaft fracture is therefore regarded as an orthopaedic
emergency and requires immediate medical attention to preservé the patient’s limb
and.to minimize complications [2]. Femoral-shaft fractures occur usually due to
trauma. Motor vehicle accidents, pedestrian-versus-vehicle accidents, falls, and
gunshot wounds are among the most common causes. Pathologic fractures in adults
are most often the result of osteoporosis, a disease in which the bones become
extremely porous and thus subject to fracture, and heal slowly. Nowadays, closed
intramedullary nailing (IMN) is the best available method for femoral shaft fracture

treatment. It involves passing the intramedullary nail, shown in Figure 1-1, from

proximal (hip) to distal (knee) end of the femur as shown in Figure 1-2.

Figure 1-1 Intramedullary nail

The intramedullary nail is in the form of a stainless steel tube with fixation holes at

the proximal and distal ends as shown in Figure 1-1.
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Figure 1-2 Femoral shaft fracture treatment using closed intramedullary nailing.

Following nail insertion, the problems associated with the location of the distal holes
and correct screw placements are well known. Numerous techniques and devices have
been proposed to aid distal locking, in attempts to overcome the associated problems.
However, all of these devices and techniques have deficiencies. For example, they
lack versatility (i.e. are only selectively applicable), are not easy to use, are time
consuming or are not sufficiently accurate. A Robotic-Assisted Orthopaedic Surgery
System has been developed at Loughborough University named Loughborough
Orthopaedic Assistant System (LOAS) to assist orthopaedic surgeons during internal
fixation of hip fractures and distal locking of intramedullary nails by Bouazza-Marouf
et al [3-7]. The goal of this thesis is to review existing system and develop a robust

LOAS by addressing problems which are currently faced.

Given the goal of the thesis, this chapter provides an overview of both the orthopaedic
and engineering aspects of the thesis. Sectionl.l provides a brief insight into
Orthopaedic surgery. Section 1.2 starts with a generalised discussion about the use of
closed IMN for femoral shaft fracture treatment, followed by a succinct description of
the need of distal locking during IMN. Section 1.3 introduces the limitations
associated with current techniques used for distal locking. Section 1.4 begins with

brief description about the Robotic-Assisted Orthopaedic Surgery System that has
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been developed at Loughborough University to assist orthopaedic surgeons. Towards
the end of section 1.4 limitations of the existing system are discussed. In the light of
these limitations, the objectives of this thesis are described in Section 1.5. This is

followed by a description of the proposed approach in Section 1.6.

1.1 Orthopaedic Surgery

The term orthopaedic was first introduced by N. Andry in 1741. It comes from two
Greek words: “ortho " meaning straight, upright or free from deformity and “paedia”
meaning children [8]. His proposal was that prevention of deformity in adults lies in
the development of straight children [9). Therefore, initially, orthopaedic surgeons
only dealt with bone deformities in children; they used braces to straighten the child's
bones. However, with the introduction of anaesthesia and an understanding of the
importance of aseptic techniques in surgery, orthopaedic surgeons extended their role
to include surgery involving bones and their related nerves and connective tissue.
According to the American Academy of Orthopaedic Surgery (AAOS), Orthopaedic
surgery is “a medical specialty concerned with diagnosis, care, treatment,
rehabilitation, and prevention of injuries and diseases of the body's musculoskeletal
system, i.e. the complex system that includes: bones, joints, ligaments, tendons,
muscles and nerves”. A large proportion of an orthopaedic surgeon’s workload is
related to the treatment of fractures of bony structures or tissue directly connected to

bones.

A fracture is a complete or incomplete break in a bone resulting from the application
of excessive force. The Orthopaedic treatment of bone fractures initially involves a
reduction stage, in order to restore the bone fragments to their normal anatomical
position. Then stabilisation of the reduced fracture site is carried out; this involves the
insertion of mechanical fixation devices, for example use of the intramedullary nail
for femoral shaft fracture treatment (shown in Figure 1-2) to prevent occurrence of

any misalignment while the natural hone healing process takes place.
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1.2 Introduction to the problem

Treatment of femoral shaft fractures has undergone significant evolution over the past
century. In the past, the definitive method for treating femoral shaft fractures was
traction or splinting that involved the insertion of a metal wire or pin through the
bone, so as to exert a continuous pull in the long axis of the bone for the reduction of
a fracture. Prior to the evolution of modern fracture treatment and techniques these
injuries were often disabling or fatal. However, traction or splinting as a treatment
option has many drawbacks, including poor control of the length and alignment of the
fractured bone, development of pulmonary insufficiency, and joint stiffness due to

supine positioning (i.e. lying on the back).

Intramedullary nailing of femoral shaft fractures was first introduced by H.Groves in
1918. Initially, it involved the use of unlocked thin, flexible rods, which were
introduced through the fracture site. However, the introduction of image intensifiers
in the operating room has enabled surgeons to perform both the reduction and
stabilisation procedures without opening the fracture site (i.e. closed surgery). In
1940, G. Kuntscher [10] introduced the antegrade IMN technique, in which the nail is
inserted into the bone from the proximal end in order to avoid the complications of
opening the fracture site, thereby reducing further damage to the traumatized area.
This resulted in low blood loss, low infection risk, and short hospitalisation time.
Since then, reamed or unreamed closed nailing has become the standard treatment for
femoral shaft fractures [11], as this method extends the use of IMN to severely
comminuted, oblique, and spiral fractures as well as to {ractures complicated by loss
of bone. During conventional closed IMN, the locking of the nail is achieved by
inserting screws at the proximal end of the nail. Although the conventional closed
IMN provides adequate stabilization of mid-shaft fractures, problems can be
encountered when the technique is applied to more distal shaft fractures. Therefore, in
order to overcome such problems and hence to extend the scope of IMN, the concept
of distal locking was introduced. Distal locking, as shown in Figure 1-2 involves
rigidly attaching the nail to bone fragments at the distal end of the femoral shaft, in
order to provide more effective fixation i.e. rotational and axial stability. During the

distal locking of an intramedullary nail, surgeons typically drill the distal locking
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holes freehand, using fluoroscopic views of the distal part of the femur to aid in the

positioning of the drill bit. The limitations of this technique are discussed below.

Although nowadays 3-D imaging modalities, such as computerised tomography (CT)
or magnetic resonance imaging (MRI), are available they are usually used in pre-
operation stages to provide static information on the anatomic or pathological
structure of the patients. Their intraoperative use is not feasible due to their high cost,
time consumption, and excessive radiation exposure. Therefore, the use of 2D X-ray
imaging still remains the main choice to perform the distal locking procedure during

femoral shaft fracture treatment.

1.3 Limitations of the current techniques used for distal

locking

A number of problems are faced by orthopaedic surgeons during distal locking of an

intramedullary nail, the most serious being:

1. During the surgery, X-rays must be used in pulse-continuous mode so that the C-
arm can be precisely aligned with the intramedullary nail axis for an optimal view
(i.e. the distal locking nail holes appear as circles rather than ellipses, as shown in
Figure 1-3), commonly known as the perfect circle approach. Details on the

perfect circle approach are given in Section 3.3.

Figure 1-3 Perfect circle approach
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2. The use of two-dimensional X-ray images to guide three-dimensional bone
drilling procedures means that a large number of X-ray images are required. The
surgeon has to mentally correlate the surgical tool and desired drilling trajectory
without direct visual feedback [12]. Hence sets of X-ray images must be
frequently acquired to ascertain each new position of the surgical tool resulting in
an increased radiation exposure to both surgeons and patients, which can prove

hazardous, particularly to surgeons who perform this operation on a regular basis

[13].

3. The nail deforms by several millimetres during passage through the medullary
canal to conform to the bone canal shape [14]. Without compensation for nail
deformation, it is impossible to place the distal locking screws correctly using an
external guide attached to the proximal end of the nail, as is used for proximal

locking screws.

In summary, the current techniques employed for distal locking are limited by the
amount of radiation exposure due to the large number of X-ray images required
during each step, as well as variability of results that largely depend upon the
surgeon’s skills and experience. These difficulties make the insertion of the distal
locking screws the most demanding step of the closed IMN operation [14]. Distal
locking of intramedullary nails therefore remains a surgical challenge. Since the long
term effects of X-ray radiations and their relation to different types of cancer still
remain unknown [15-17], there is a need to develop surgical techniques that can limit

the use of fluoroscopy (X-rays) during distal locking.

1.4 The Loughborough University Robotic-Assisted
Orthopaedic Surgery System (LOAS)

The Loughborough Orthopaedic Assistant System (LOAS) uses a calibration frame,
shown in Figure 1-4, and a C-arm X-ray unit. The calibration frame contains two
Lateral and two AP (Anterior-Posterior) calibration plates, with each plate containing

an array of embedded fiducial markers (stainless steel balls).
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Figure 1-4 Calibration frame

The system simplifies the current approach as the drilling trajectory of the distal
locking holes is computed from two near orthogonal intraoperative X-ray tmages thus
reducing the irradiation (i.e. exposure to radiation) to both surgeon and patient
significantly. Intraoperative X-ray images (i.e. Lateral and AP) are taken with the
calibration frame in position around the body part of interest as shown in Figure 1-5

and Figure 1-6 respectively.

Lateral
calibration

X-ray Image intensifier

Figure 1-5 Lateral view image acquisition during distal locking
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Figure 1-6 AP view image acquisition during distal locking

The radiopaque reference markers (inserted in the radiolucent plates of the calibration
frame) which are visible on each X-ray view (as shown in Figure 1-7) and image
points of interest are used to establish the drilling trajectory with respect to the

calibration frame co-ordinate system.

400 50 600 00

100 20 30

100 20 I L o] L1 600 7o

(a) Lateral X-ray image (b) AP X-ray image

Figure 1-7 Typical Lateral and AP X-ray images.
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The existing system has some limitations, which are discussed below.

A potential problem with the existing system is the appearance of one or more of the
opaque markers (embedded in the calibration frame plates) within or on the edge of
the oval-shaped distal hole projection as shown in Figure 1-8. This phenomenon can
cause error in determining the centre and the major axis of the distal locking hole,
since these features are required to determine the drilling trajectory of the distal
locking holes, therefore occurrence of such phenomenon can induce error in drilling

trajectory calculation.

Fiducial

Figure 1-8 Presence of fiducial at the edge of the oval

Furthermore, the system employs reference markers (large diameter ball bearings),
shown in Figure 1-7, to accomplish unique identification of each marker visible in
field of view. This implies that calibration frame should be positioned around the
body part of interest such that these reference markers should always be visible in the
field of view as shown in Figure 1-7. The existing calibration frame is therefore not
suitable for use across wide range of patient physiologies. Also, the system requires
the surgeon (or user) to manually select some features i.e. reference markers, shown
in Figure 1-7, and nail edges on both the Lateral and AP images, and oval shaped
distal hole projection in the Lateral view image. The accuracy of the system is

therefore largely dependent upon the input from the surgeon (or user).
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1.5 Aim of the research

Speed, accuracy, robustness, reliability, and repeatability are of paramount
importance when introducing any new technology into the operating theatre. The aim
of this study is therefore to review the existing system to develop a robust computer
assisted orthopaedic system (CAOS) that will assist orthopaedic surgeons in

performing distal locking during closed IMN, and hence will:

e Improve the outcome of the distal locking procedure by ensuring that the drill bit
and the distal hole axes are in alignment during drilling. thereby reducing the

occurrence of screw misplacement.

* Make outcome of the procedure more consistent irrespective of variations in the

skill levels and experience of the clinical staff.

» Reduce surgical time.

Be adaptable for different patient physiology.

1.6 Proposed approach

During closed IMN, direct access to the patient’s skeleton is limited to the extent of

the surgical incision; therefore the patient’s location with respect to the robotic
manipulator must be determined indirectly using X-ray images. This registration or
calibration process requires the extraction of 3-D measurements from 2-D X-ray
images and. therefore, falls within the scope of a field of research known as X-ray

Photogrammelry.

Unlike the majority of X-ray photogrammetry research, the current study involves an
intraoperative application i.e. distal locking of an intramedullary nail during femoral
shaft fracture treatment. 3-D measurements must therefore be performed in the
operating theatre at the time of surgery. In addition to the need for complying with
surgical sterility it is essential that the 3-D measurement process does not delay the

surgical procedure. As a result, the use of machine vision, i.e. digital image
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processing techniques has been proposed as a means of providing the drilling

trajectory of the distal locking holes intraoperatively.

Digital image processing allows the use of complex algorithms for image processing,
and hence can offer more sophisticated performance at simple tasks and the
implementation of methods which would be impossible by analogue means. These
applications operate on data to be presented visually or to extract image features for

several tasks such as object detection, tracking, and classification.

In orthopaedics, increasing demands on a patient’s early mobilisation combined with
early weight bearing capability have made digital image processing one of the key
technologies of modern orthopaedic surgical procedures. The use of digital image

processing methods results in [18]:

¢ Better precision and repeatability.

¢ Process automation, as surgical procedures benefit from the reliability provided by

automatic processing, such as vision guided surgery,

e Accurate prediction of the surgical tool due to the ability of providing improved

medical treatment.

In this study, after capturing two nearly orthogonal intraoperative X-ray images using
a standard C-arm, processing of images i1s done using X-ray photogrammetry
techniques in the Matlab Image Processing environment. The results from image
analysis are then used in conjunction with off-line CAD modelling of the

intramedullary nails to determine the drilling trajectory of the distal locking hole.

1.7 Summary

At present IMN is the standard surgical procedure to treat femoral shaft fractures. The
concept of distal locking during IMN has been introduced to provide more effective
fixation. Conventional techniques use fluoroscopy for screw placement in distal
locking. However, the accurate placement of the distal interlocking screws is the most

difficult part of the procedure due to the deformation of the nail during its insertion
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into the medullary canal and the use of 2-D X-rays images during drilling. The
locking thus can be time consuming and involve a significant amount of irradiation to
the patient and the operating staff. A Robotic-Assisted Orthopaedic Surgery System
named LOAS has been developed at Loughborough University to assist orthopaedic
surgeons during distal locking, however it has some limitations. The aim of this study
is therefore to review the existing system and address these limitations to develop a
robust system. In order to achieve this aim, a novel approach based on the use of a
calibration frame in conjunction with offline modelling of the nail and an automated
X-ray based machine vision system is proposed. To implement this approach,
Matlab’s digital image processing toolbox and AutoCAD Mechanical Desktop have
been used for image analysis and intramedullary nail modelling respectively. In the
following chapter, a detailed insight into the background for this research is given by
describing the use of closed intramedullary nailing (IMN) for femoral shaft fracture

treatment, its history and advantages.
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2 Femoral shaft fracture treatment

The femur (thigh bone) is a structure for standing and walking. It is tubular,
containing a cavity i.e. the medullary canal which is filled with marrow. The wall or
cortex of the tube consists of the cortical or lamellar bone, while the closed ends of
the tube are built of the trabecular or cancellous bone. The femur is subject to many
forces during walking, including axial loading, bending, and torsional forces. In fact,
the femur is the largest and most dense bones in the body which requires a great
amount of force to overcome its mechanical strength and cause breakage or fracture.
Accidents that may cause a femur fracture usually involve falling from a height. high-
speed collisions etc. In elderly people Osteoporosis, a disease of bone in which the
amount of bone is decreased and the strength of trabecular bone is reduced, cortical
bone becomes thin, dramatically increasing the risk of femoral fracture [19].
APPENDIX A provides an overview of the anatomy of the femur and associated

orthopaedic terminologies.
2.1 Femoral Fractures

A fracture is a break in the structural continuity of a bone. It may be no more than a
crack, a crumpling or a splintering of the cortex; more often the break is complete and
the bone fragments are displaced. If the overlying skin remains intact it is a closed or
simple fracture; if the skin or one of the body cavities is breached, then it is termed as
an open or compound fracture, liable to contamination and infection [20]. This injury
is most common among persons younger than 25 years and those older than 65 years
[21]. Details about different types of femoral shaft fractures and their associated

complications are given in APPENDIX B.

The successful treatment of bone fractures initially requires the restoration of the
broken bone fragments to their normal anatomical positions and alignment. This
process is referred to as reduction of the fracture, and involves either a manipulative

or a surgical procedure. Nowadays closed reduction is preferred to open reduction
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[22, 23] in order to avoid disturbing the fracture haematoma, to lower the risk of
infection and to incur less interference with the process of fracture union. For
example, in the case of a fractured femur in which both fractured ends of the bone lie
beside one another, after the muscles have relaxed, these parts of the bone must be
pulled away from one another and held stationary before being precisely positioned
end to end to allow internal fixation. There is always the danger of physical
overshoot, resulting in unnecessary muscle, tissue, and ligament strain during the
manipulation process: therefore. successful closed reduction is one of the demanding
steps during fracture treatment. A stabilisation technique is then applied, in order to
ensure that the bone fragments maintain this anatomically correct position throughout
the natural hone healing process. The continuity of the bone is then restored by the

formation and progressive hardening of a callus at the fracture site [3].

[n the case of femoral shaft fractures, poor reduction/stabilisation of the fracture site
can lead to serious complications because, when the femoral shaft is fractured, the
muscles attached to the bone fragments contract, resulting in shortening of the leg. In
order to prevent prolonged disability it is, therefore, essential that normal limb length
is restored. Misalignment of the bone fragments, which can alter the biomechanics of
the hip and knee joints, must also be avoided in order to prevent joint disorders such
as osteoarthritis (a form of arthritis, occurring mainly in older persons. that is

characterized by chronic degeneration of the cartilage of the joints) developing.

Since the thigh is so heavily padded with muscle, an external plaster cast can not
provide the required level of stabilization. Therefore, treatment of femoral shaft
fractures is limited to: skeletal traction, cast bracing, external fixation and internal
fixation, with the final decision being made on the grounds of fracture (type and
location, degree of comminution, open or closed, etc) and patient’s age, general

health, severity of any additional injuries, etc [9, 24].

Since, treatments of diaphyseal fractures using techniques that require prolong
immobilization of the extremity results in limitation of joint motion, and malunion or
non-union may occur. Therefore, at present, intramedullary nailing is the preferred
choice of treatment for femoral shaft fractures [25-27], as it offers better control of the

limb [ength and the rotational alignment, as well as early mobilization and short
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hospitalization time. Hence, this study is concerned with intramedullary nailing of
femoral shaft fractures, which is an internal fixation technique; therefore details of
only internal fixation are discussed here. However, details of other techniques

mentioned above are given in APPENDIX C.

2.1.1 Internal fixation

Internal fixation is a surgical procedure that stabilizes and joins the ends of fractured
bones by mechanical devices such as metal plates, pins, rods. wires or screws. It
enables a reduced fracture to be held securely so that activity (although not weight
bearing) can begin immediately. The internal fixation devices are inserted surgically
to ensure the bones remain in an optimal position during and after the healing process.
It is particularly useful for fractures in elderly patients, those with multiple injuries or

who are difficult to nurse.

In the context of femoral shaft fracture, the most effective form of internal fixation
device is an intramedullary nail. One of the significant advantages of intramedullary
nailing over other methods of internal fixation is that an intramedullary nail shares the
load with the bone by being closer to the weight bearing axis (i.e. femoral shaft axis)
rather than entirely supporting the bone. as some force or stress within the callus is
essential to the healing process. Because of this, patients are able to walk soon after

the surgical operation and as such better (stronger) bone healing results.

2.2 Intramedullary nailing (IMN)

IMN was originally performed using thin, flexible rods, which were introduced
through the fracture site. However, the initial unlocked design was modified to allow
proximal and distal locking {2, 28-30] as shown in Figure 2-1, thereby eliminating the

problems of angulation, rotation and leg shortening.
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. Proximal locking
SCrews

Intramedullary nail

Distal locking
SCrews

Figure 2-1 Intramedullary nailing treatment of a femoral shaft fracture.

Enthusiasm for minimally invasive surgery has led to an ever-increasing number of
procedures being done percutaneously (i.e. done through the skin). The concept
behind closed fracture surgery is to perform internal fixation of the fracture without
surgically opening the fracture site of the femur, thereby avoiding additional damage
to the already traumatized area. Less soft-tissue trauma, lower infection rates, minimal
blood loss, smaller incisions and reduced morbidity are some of the advantages of
these procedures. However, it should be noted that occasionally if reduction and
reaming cannot be accomplished by closed means then open nailing is performed. It
involves reaming of the distal and proximal fragments of the medullary canal through
fracture site to determine the nail diameter. Once the proximal and distal medullary
canal fragments are reamed to a satisfactory diameter, a cork borer or similar
centering device is placed in the proximal fragment of the medullary canal, and a
guide pin is then introduced through it. Guide pin is then drilled proximally through
the upper end of the femur until it emerges just proximal to the greater trochanter.

Without exposing the trochanter a small incision is made over the protruding point of
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the guide pin, allowing it to emerge. A reamer is then placed over the guide pin to
drill hole in correct alignment with medullary canal. Intramedullary nail is then
inserted into the proximal medullary canal over the guide pin. When the nail reaches
the fracture site, guide pin is removed and fracture is reduced under direct vision. Nail
is then driven into the distal fragment of the medullary canal while holding firm
pressure against the flexed knee to maintain reduction and prevent distraction at the
fracture site. Before closing of the wound, placement of the intramedullary nail in the
distal end of the femur is checked using Lateral and AP fluoroscopic views. During
open nailing no interlocking is carried out, therefore if the nail is too tight or loose it
must be withdrawn and replaced with a nail which conforms to medullary canal size
[22]. In addition to above mentioned disadvantages of open surgery, open nailing also
results in decreased rate of union in comparison to closed nailing because fracture
haematoma which is important in fracture healing is removed. Generally. use of open

nailing has therefore been abandoned in favour of closed nailing [22, 28, 31].

Closed IMN has shown its efficacy in the treatment of diaphyseal (i.e. shaft of a long
bone) fractures of long bones especially of the complex fractures of the femur. It has
been reported by S.T. Canale in [22] that, for femoral shaft fracture treatment,
incidence of infection with closed nailing is less than 1% in comparison to 10% with
open nailing. The closed IMN operation is guided by fluoroscopy for fracture
reduction, proximal locking and distal locking. There are two types of closed IMN

procedures, namely:

e (losed antegrade intramedullary nailing, and

e Closed retrograde intramedullary nailing.

2.2.1 Closed Antegrade Intramedullary Nailing

Closed antegrade nailing involves passing the intramedullary nail from proximal to
distal end of the femur as shown in Figure 2-1. It has a high rate of fracture union
(99%), and low rate of infection, malunion (less than 1%) and shortening. Therefore,
it is currently the treatment of choice for femoral shaft fractures 2, 28, 32-36]. The
following overview of preoperative planning and patient positioning for antegrade

IMN is based on information provided by [22, 34, 37].
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2.2.1.1 Preoperative Planning

The choice of the appropriate length of the nail is very important because the leg is
shortened by the tension of the muscles. Assuming that only one of the femurs is
fractured, preoperative radiographs of the uninjured leg must be taken to estimate the
dimensions of the nail (length, diameter) and the expected amount of reaming [22,
34]. To determine the approximate length of the intramedullary nail before the
surgery, the distance from the tip of the greater trochanter (o the patellar surface of
the knee (shown in Figure 2-2) on the patient’s uninjured side is measured, and
subtracted by 20-30mm. Intramedullary nails of the resultant length and the next
longer and shorter lengths are selected before the operation, as only after reduction

direct measurement is possible [37].

Greater trochanter Head

Lesser trochanter

' .
\

\

Lateral epicondyle l

g

Patellar surface

Figure 2-2 Femur anatomy (Anterior view) |1]
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2.2.1.2 Patient positioning and preparation

In line with most closed osteosynthesis procedures (i.e. the process of mechanically
bringing the ends of a fractured bone close together using a metal plate),
intramedullary nailing is heavily reliant upon intraoperative fluoroscopy. As a result,

LRl

the patient must be positioned on the operating table in a “C-arm compatible™ pose. In
other words, the operating table and the patient’s uninjured limb must not obstruct the
movement of the mobile C-arm unit, and must not appear within the field-of-view
when fluoroscopic images in Anterior-Posterior (AP) and Lateral views of the
fractured femur are acquired. The need to apply skeletal traction intraoperatively, to
allow reduction of the fracture, also creates problems in relation to patient positioning
when using a conventional operating table. Ideally, an orthopaedic fracture table
should therefore be used during closed IMN procedures. These modified operating
tables incorporate adjustable extensions for securing the patient’s legs, and a padded
perineal post to prevent movement of the pelvis/hip joint when traction is applied. The
bottom one-third of the table is also significantly shortened to allow direct
fluoroscopic visualisation of the fracture site. The nailing procedure can actually be

performed with the patient in either the lateral decubitus (shown in Figure 2-3) or the

supine position (shown in Figure 2-4) on the fracture table.

Injured leg holder

Figure 2-3 Lateral decubitus position [37]
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As depicted in Figure 2-3, the lateral decubitus position involves laying the patient on
their uninjured site, thereby affording easy access to the greater trochanter of the
fractured femur (i.e. the nail’s insertion point). In practice, obtaining this position can
be difficult, and special table attachments may be required to safely support the
patient’s weight. By contrast, the supine position depicted in Figure 2-4 simply
involves laying the patient on their back, and is therefore more suitable for patients
with multiple injuries. However, the supine position offers limited accesses to the
trochanter of the fractured femur, making insertion of the intramedullary nail more

difficult.

Injured leg holder

Figure 2-4 Supine position [37]

Once the patient is in position, skeletal traction is applied via a femoral pin, and a
closed reduction of the fracture is attempted. This fluoroscopically monitored process

involves the manual application of localised pressure to both sides of the fracture site.

2.2.1.3 Intraoperative Procedure

In antegrade nailing the surgeon initially makes an incision as shown in Figure 2-5.
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Figure 2-5 Skin incision at greater trochanter [22]

The surgeon then determines the entry point to pass the intramedullary nail. A widely
recommended entry point for antegrade nailing is the piriform fossa. which as shown
in Figure 2-6 (a) is perfectly in line with the medullary canal so that a straight nail can
be inserted. However, sometimes, access to the piriform fossa is technically
demanding and can result in rarely reported complications such as fracture of the
femoral neck, avascular necrosis (AVN) marked by severe pain in the affected region
and by weakened bone that may flatten and collapse called also osteonecrosis of the
femoral head and septic arthritis from intra-articular penetration [38). Therefore, in
situations where access to the piriform fossa is difficult, tip of greater trochanter,
shown in Figure 2-5(b) is used as entry point. The tip of the greater trochanter,
however is lateral to the central axis of the medullary canal, and the nail insertion
therefore must be performed at an angle of approximately6°to enter the canal, as
shown in Figure 2-6 (b). Therefore, an intramedullary nail with a proximal bend, as

shown in Figure 2-6(b), is used when the trochanter tip is chosen as entry point.
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Piriform fossa Trochanter tip

Figure 2-6 (a) Intramedullary nail inserted using the piriform fossa (b) Intramedullary nail

inserted using the trochanteric tip [38)

A threaded guide pin is inserted at the trochanteric fossa. X-ray images from both
Lateral and AP fluoroscopic views are then analysed to ensure that the guide pin is in

the centre of the femur as shown in Figure 2-7.

Figure 2-7 Insertion of threaded guide pin at trochanteric fossa to determine entry point |22]
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The surgeon then reams the canal to enlarger the entry portal. A guide rod (usually of

3.2mm) is then introduced by means of the guide rod holder to the level of fracture as

shown in Figure 2-8.

Guide rod

Figure 2-8 Introduction of guide rod to the level of fracture |22]

The surgeon reduces the fracture by manipulating the proximal and distal bone

fragments and by using an internal fracture alignment device as shown in Figure 2-9.

GU}derod
i)

Alignment device

Figure 2-9 Use of internal fracture alignment device [22]

The guide rod is then advanced until it reaches the epiphyseal scar as shown in Figure
2-9. The exact nail length can be determined by using either the guide rod or a nail

length gauge as described below:

Guide rod method

A second guide rod is overlapped on the reduction guide rod extending proximally
from the femoral entry point. Subtracting the length (say XX mm, as shown in Figure

2-10) of the overlapped guide rod from its overall length yields the nail length.

XX mm

Figure 2-10 Determination of the nail length using guide rod |22]
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Nail length gauge method

The nail gauge is positioned anterior to the femur (unaffected femur preoperatively,
affected femur intraoperatively) with its distal end between the proximal pole of the

patella and distal femoral physeal scar as shown in Figure 2-11.

Figure 2-11 Determination of nail length using nail gauge |22]

The C-arm is then moved to the proximal end of the femur and an AP image is taken,
the nail length can be read from the stamped measurements on the nail gauge. For
reamed insertion, the entire femur is then reamed over the guide rod in 0.5mm
increments until the desired diameter is achieved as shown in Figure 2-12. It is
essential to ream 1mm over the selected nail diameter. Generally, the proximal 4 to
6em of the femur is always reamed up to 3mm more than the diameter of the nail

being used to permit easy insertion of the nail.

Figure 2-12 Reaming of femoral canal over guide rod [22]

The nail is then inserted over the guide rod before the guide rod is removed. In most
cases, the surgeon also inserts lateral proximal and distal locking screws to prevent
fragment rotation and bone shortening. The procedure is performed under X-ray
fluoroscopy. Figure 2-13 shows fluoroscopic images showing the different steps in

closed intramedullary nailing.
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Figure 2-13 Fluoroscopic images showing the steps of closed intramedullary nailing (a) Opening
of the medullary canal (b) Alignment of bone fragments (¢) Insertion of the nail (d) Distal locking

139]

Many fluoroscopic images are necessary, especially during distal locking because the
intramedullary nail is concealed within the femur, and the blind drilling of distal
screw holes can only be performed under continuous fluoroscopic guidance [5, 39,
40]. Generally distal interlocks should be inserted prior to the proximal interlocks; as
this allows the leg to be rotated in the most advantageous position for interlock
insertion and allows more efficient compression across the fracture site (by gently
tapping the proximal nail assembly proximally). As antegrade IMN is the standard
treatment of choice for femoral shaft fracture treatment, this procedure is therefore

discussed further in section 2.4.
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2.2.1.4 Postoperative procedure

During the first or second postoperative week, the patient is encouraged to start
walking with the aid of crutches (i.e. walking without weight-bearing). In the
following weeks. a program of physiotherapy exercises is undertaken to strengthen
the quadriceps (thigh muscles) and regain the full range of knee joint motions.
Following radiographic confirmation of the formation of a satisfactory callus,
progressive weight bearing then can begin. Assuming that full weight-bearing is
achieved, whenever possible, a second surgical procedure to remove the locking
screws and the intramedullary nail, will then be performed during the second

postoperative year [37].

2.2.2 Closed Retrograde intramedullary nailing

Closed retrograde nailing involves passing the intramedullary nail from distal to
proximal end of the femur with the nail being inserted through the supercondylar

notch of the distal femur.

The following overview of patient positioning and intraoperative procedure for

retrograde IMN is based on information provided by [22, 41].

2.2.2.1 Preoperative planning and patient positioning

The patient is placed in a supine position on a radiolucent operating table in such a
way that allows visualization from the hip joint to the knee. A bolster is placed under
the knee to allow knee flexion, as shown in Figure 2-14. This allows easy access to

the entry site.
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Figure 2-14 Thigh support for retrograde nailing.

2.2.2.2 Intraoperative procedure for retrograde IMN

A percutaneous incision is made in the region between the lower side of the patella
(Knee cap) to the upper edge of the tibial tubercle. The anterior cruciate ligament is
then exposed by retracting the patellar tendon. A guide pin or K-wire is then placed
into the notch and the entry point for retrograde nail insertion is made by centering the
guide pin or Kirschner Wire (K- wire) anterior to the intercondylar notch. The K-wire
is then advanced manually or with the slotted Hammer approximatelylOcm
confirming its placement within the center of the distal femur, its position is verified

using AP and Lateral X-ray images, as shown in Figure 2-15.

Lateral view AP view

Figure 2-15 Guide pin placement during retrograde nailing [41]
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It can be seen from Figure 2-15 that, on the AP view, the pin is placed so that it lies
centered in the intercondylar notch and in the centre of the femoral shaft, in order to
ensure proper varus-valgus alignment especially in distal one-third femur fractures.
The guide pin is then advanced into the medullary canal and a reamer is inserted over
the guide pin to open the distal femur to an appropriate size to accept the distal
portion of the nail. Both the guide pin and reamer are then removed while irrigating
all loose fragments (i.e. cartilaginous and bony debris) from the knee. A radiolucent
ruler is then used to estimate the length of the nail required, by measuring the distance
from lem proximal to the intercondylar notch to the upper side of the lesser
trochanter. The diameter of the selected nail should be 1mm smaller than that of the
last reamer used. The nail is then placed into the notch and is advanced towards the
fracture. The fracture is then reduced, and the nail is driven across the fracture and
seated at the level of lesser trochanter. Distal locking is achieved using a target
device, for example the femoral target device shown in Figure 2-16 from Stryker®

[42].

Figure 2-16 Femoral targeting device for distal locking during retrograde nailing [42]
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Proximal locking is performed by using the free hand technique, which uses the
perfect circle approach discussed in section 3.3. With employment of a reamed, canal
sized implant one proximal screw is sufficient. For easier placement of proximal
screws, the ipsilateral pelvis is raised by placing a bump under it, so that a true Lateral
view X-ray image of the proximal end can be obtained. A 2 to 3 cm incision is made
after determining the hole's location radiographically. A hemostat is used to spread
through the adipose tissue and quadriceps muscle down to the bone. A drill is inserted
with its point centered in the hole. Drilling proceeds through the anterior cortex nail
hole and posterior cortex. Screw length is determined by using a depth gauge or by
noting the relative size of the nail in the femoral canal in the Lateral view image, for
example, if a 10 mm nail takes up about 1/3rd of the femoral shaft diameter than the
proper screw length would be about 30 to 32 mm: a screw with the appropriate length

is then inserted.

It has been reported by [22, 34, 41, 43-45] that retrograde nailing is preferred over

antegrade nailing under the following clinical situations:

e For treating pregnant patients, because the radiation exposure to the fetus is

reduced.

e Ipsilateral femoral neck and shaft fracture to allow the use of separate fixation

devices for the shaft and the neck fractures,

e Floating knee injuries to allow fixation of both femoral and tibial fractures

through the same anterior longitudinal incision,

e Multiple trauma patients to decrease operative time by not using a fracture table,

which allows multiple injuries to be treated simultaneously,

e Often, patients with chest tubes, laparotomies with associated intestinal
obstruction, and head injuries have physicians and other apparatuses surrounding
the proximal parts of the patient. These necessary live saving procedures are
absolutely essential, but they can impede antegrade nailing. Therefore, the use of a
retrograde nailing allows the orthopaedic surgeon to perform the femoral fixation

through a remote area i.e. area around the knee joint.
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e Fractures of the distal third of the femoral shaft may be better suited for retrograde
nailing, as they have a lower rate of malalignment. Antekeier et al [45] conducted
a study to determine the safe distance for distal femoral fractures relative to the
distal locking screws in antegrade intramedullary femoral nailing. It was reported
that an antegrade nail is safe to use when the fracture is > 3 ¢cm from the more

proximal of the two distal locking screws.
2.3 Antegrade v/s retrograde intramedullary nailing
Tornetta ef al [46] conducted a randomised, controlled trial with 1 year of follow-up
on 68 patients (mean age of 32 years), who had femoral shaft fracture. It was found
out that patients treated with retrograde reamed nailing had similar rates of and time
to union but with increased rates of shortening, longer operating time, and more
immediate postoperative complaints of pain, when compared with patients treated

with antegrade nailing.

One potential disadvantage of retrograde nailing is that it contaminates a further
compartment of the limb, namely the intra-articular contents of the knee, as it requires
the creation of an intra-articular entry hole [46-48]. There is concern about the long-
term effect of such an entry hole in patients as well as the potential for infection of the
joint in patients with an open fracture. The long-term effects and complications of
retrograde femoral IMN on knee joint function and disorders are still unknown [43].
Furthermore, malunion is more frequent after retrograde nailing than it is after
antegrade nailing. Papadokostakis et @/ [49] and Ostrum et al [50] demonstrated a
higher prevalence of delayed union and non-union after retrograde nailing. At present,
it is agreed upon that studies with larger numbers and long term follow-up are needed
before the current recommendations for the use of retrograde nails can be extended,
thereby antegrade nailing remains the standard surgical technique for the treatment of

femoral shaft fractures [24, 34, 46, 51].

Therefore, this study is aimed at femoral shaft fracture treatments using closed
antegrade IMN, as it still remains the standard treatment of choice for treatment of

such fractures. The remainder of this chapter discusses antegrade nailing in detail, and
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from here onwards as in general practice, the term IMN will be used to refer to

antegrade IMN.

2.4 Locked Intramedullary nailing

Intramedullary nail locking designs are generally categorized as using either an
internal or an external locking mechanism. In the case of internal locking systems, the
locking mechanism is integral to the nail’s design as shown in Figure 2-17, which

depicts the instrumentation supplied with the Grosse-Kempf locking nail [52].

Shaft of the distal |
targeting device .

Figure 2-17 Intramedullary nail locking using internal locking mechanism [52]

This mechanical jig system is initially assembled prior to insertion of the
intramedullary nail. The assembly is then screwed into the proximal end of the nail,
and adjustments are made to bring the holes in the drill guide block into alignment
with the distal holes in the nail. The assembly is then removed, and reapplied
following insertion of the nail. Theoretically the drill guide block could then be used

to assist drilling of the distal holes. However, in reality, an intramedullary nail
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deforms by several millimetres to conform to the bone canal shape [14], resulting in
holes in the drill guide block no longer being aligned with the distal holes in the nail,
therefore, without compensation for the intramedullary nail deformation, it is
impossible to place the distal interlocking screws correctly. As a result the use of

interlocking mechanism has generally been abandoned.

Dynamic locking hole

Nail curvature corresponding .
to average anatomic curvature |

of the femur

Distal interlocking holes

AP View Mediolateral view

Figure 2-18 AO/ASIF Universal femoral nail [37]

The AO/ASIF Universal femoral nail [37], shown in Figure 2-18 is a typical example
of an externally locked intramedullary nail i.e. intramedullary nail without integrated
locking mechanism. It consists of a hollow stainless steel tube, which is pre-bent to
match the curvature of the femur. Interlocking of the AO/ASIF intramedullary nail is

achieved by inserting screws in the manner shown in Figure 2-19. Accordingly, the
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nail’s design includes a pair of holes at both the distal and proximal ends. This
arrangement allows two possible modes of fixation, which are referred to as static and

dynamic locking [37], which are discussed below.

e 5 Proximal locking
Nail insertion from ‘ -
. . SCrews

proximal femur

L:J»A"
Intramedullary
nail

\

Distal locking
O\ SCrews

Figure 2-19 Interlocking of an intramedullary nail.

2.4.1 Dynamic locking

Dynamic locking involves insertion of only screws through the proximal end of the
nail (shown in Figure 2-20) using a drill guide incorporated in the insertion handle.
Dynamic locking controls bending and rotational deformation and allows nearly full
axial load transfer by the bone. However, dynamic locking is not applicable in the
case of long oblique, spiral or comminuted fractures or fractures that are located
towards the distal widening of the medullary canal as it cannot control the rotation of
the bone fragments [28]. Treatment of an unstable fracture by dynamic locking results

in complications such as leg shortening (on average 2cm) and malrotation that usually
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requires re-operation. Dynamic intramedullary stabilization of the femur should,

therefore, be reserved for axially stable, transverse or short oblique fractures,

Figure 2-20 Dynamic locking to treat proximal transverse fracture.

2.4.2 Static locking

Static locking as shown in Figure 2-19, involves insertion of the screw through both
proximal and distal ends of the nail. and is used to prevent axial compaction of
severely comminuted and unstable fractures as it controls rotation. bending, and axial
loading [28]. It makes the implant a more load-bearing device with a potential for a
reduced fatigue life [22]. Brumback et al [53] treated 100 femoral fractures with
statically locked Russell-Taylor nails. Postoperative analysis showed that all fractures

were united.
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2.5 Reamed v/s Un-reamed nailing

Intramedullary nailing is the standard treatment for femoral shaft fractures in most
medical centres in the UK. However, whether to ream or not to ream remains

controversial [22, 54].

There are three main reasons for the improved healing with reamed nailing. Firstly,
the reamed nailing allows insertion of larger diameter nails, which improves cortical
contact and stability. A larger nail with larger locking bolts allows earlier or
immediate weight bearing even in the presence of a comminuted fracture [55].
Secondly, reaming also increases the contact area between the nail and the endosteal
bone through the deposition of bone from the reaming at the fracture site, which acts
like an autologous bone graft resulting in quick healing time in comparison to
unreamed nailing as it results in a stiffer fracture construct [55-57]. Thirdly, although
reaming disrupts the blood flow to the cortex, reaming induces a six-fold increase in
the periosteal blood flow. This overcomes the lack of endosteal blood flow and may
improve fracture healing. Clatworthy er a/ [58] showed that a group of patients treated
with reaming had a faster time to union i.e. 28.5 weeks compared with 39.4 weeks for
the group without reaming. They also showed that the group treated without reaming
required substantially more secondary procedures, such as bone-grafting to achieve
union. Several studies have demonstrated that use of a locked intramedullary femoral
nail with reaming leads to a union rate of 97% to 100% [53, 59]. Theoretically
reaming results in the removal of bone, thereby decreasing the overall bone strength.
However, the outer diameter of the cortex is the primary contributor of strength of the
bone; thus reaming removes the bone that contributes least to the overall strength yet
allows a substantially stronger nail to be inserted [34]. Although, according to Forster
et al [54], unreamed femoral nails are quicker to insert (by approximately 30 min) and
are associated with less blood loss (approximately 140 ml less) in comparison to
reamed nails. However, without reaming the nail and, consequently, the screws must
be of smaller diameter, which leads to hardware-related complications such as screw
or even nail breakage, and rules out early weight bearing. It has been reported by
Forster et al [54] and Giannoudis ef al [60] that reaming improves fracture healing,
significantly reduces the time to union (by around 7 weeks) and significantly reduces

the incidence of non-union (from 7% to 1%) when compared with unreamed nailing.
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According to CA. Christian in [22], clinical data shows no difference in infection
rates after reamed and unreamed femoral nailing .

Therefore, locked IMN with reaming is currently the standard treatment for severely
comminuted, oblique and spiral fractures in the proximal and distal ends of the
femoral shaft [61-63] as it results in quicker union, lower implant failure, fewer non-
unions and consequently fewer re-operations in comparison to unreamed nailing.
However, excessive reaming should be avoided as it significantly weakens the bone

and increases the risk of thermal necrosis.

2.6 Distal Locking

Although conventional IMN (i.e. dynamic locking) provides adequate stabilization of
femoral shaft fractures, problems can be encountered when the technique is applied to
more distal/proximal shaft fractures. Recent reports [64, 65] suggest that distal
locking is also necessary to prevent pathological fractures through the bone lesion
even during subtrochanteric fracture treatment. In particular, when torsional forces are
applied to the femur, friction between the nail and the bone can be insufficient to
control rotation of bone fragments. In order to rectify these problems and hence to
extend the scope of IMN, the concept of distal locking shown in Figure 2-19, has
therefore been introduced. This technique involves rigidly attaching the nail to bone
fragments at the distal end of the femoral shaft in order to provide more effective

fixation i.e. rotational and axial stability.

However, the deformation of the nail during passage through the medullary canal and
use of two-dimensional X-ray images, to guide three-dimensional bone machining
processes makes the insertion of the distal locking screws the most difficult part of the
closed IMN procedure [27, 66]. Krettek er al [66] used a three-dimensional motion
tracking system, consisting of a magnetic field source and two field sensors, to

quantify insertion related nail deformation in both solid and slotted nails.

Since, solid nails have higher area moment of inertia and hence more resistance to
rotation than slotted nails, therefore insertion related force is decreased. This results in
significantly smaller rotation about the long axis of the solid nail in comparison to that

of slotted nails as shown in Figure 2-21.
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Figure 2-21 Comparison between rotation of the nail about its long axis for solid and slotted nail.

However, large medial-lateral i.e. along y- axis (axis perpendicular to both the nail
and the distal hole axes) and anterior-posterior i.e. along z-axis (distal hole axis)
translations were found for both solid (i.e. mean of 3.1mm and 8.2mm respectively)
and slotted nails (i.e. mean of 0.3mm and 21.5 mm respectively). Therefore it is not
possible to place the distal locking screws of an intramedullary nail accurately without
compensating for its deformation. However, it should be noted that the implants used
in this study were 9mm solid nails and 13mm slotted nails. Since, diameter of the nail
could be expected to influence insertion related nail deformation, therefore
experimental results obtained in this study does not represent true comparison
between solid and slotted nails in terms of insertion related nail deformation. Authors
concluded this technique should be used to study solid and slotted nails of same
diameter from different manufacturers before definitive conclusions regarding

insertion related nail deformation can be made.

The two main reasons for failure in distal locking are incorrect entry point on the bone
and wrong orientation of the drill. If either of these two factors is wrong, then the drill
will not go through the nail hole. An inaccurate entry point also compounds the
problem as the rounded end of the drill bit often slips and it is then difficult to place

another drill hole next to the earlier one. Inaccurate distal locking leads to premature
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failure with breakage of the nail through the nail hole, breakage of the screw or the

breaking of the drill bit within the bone.

2.7 Summary

Femoral shaft fractures are generally caused by high-energy forces and, therefore are
regarded as a medical emergency. At present, most of the femoral shaft fractures are
treated surgically with IMN. The goal of treatment is reliable anatomic stabilization.
while allowing mobilization as soon as possible. The traditional IMN technique has
been modified by introducing distal locking to obtain better fixation. However, nail
deformation during its insertion into the medullary canal makes distal locking the
most difficult part of the IMN procedure. In the next chapter, numerous techniques

and devices that have been proposed to aid distal targeting are discussed in detail.
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3 Review of techniques available for

assistance in distal locking

Since the introduction of intramedullary locking nails there have been several
technical aids put forward to assist and simplify the insertion of distal locking screws.
Many devices have been developed to assist orthopaedic surgeons to locate the centre
of the distal locking holes and the drilling trajectory during distal locking. Examples
include proximally mounted targeting devices [67]. image intensifier mounted devices
[28], laser devices [68, 69], stereo fluoroscopy [70] and mechanical guides [71].
However, all of these devices and techniques have deficiencies, such as they are only
selectively applicable, are cumbersome and difficult to use, time consuming, or are
not sufficiently accurate, and thus fail to significantly reduce surgeons’ radiation
exposure during distal locking and the likelihood of patient complications. In general,

three types of distal targeting techniques have been proposed:

o The use of target devices mounted onto the nail i.e. proximally mounted devices,
e The use of target devices mounted onto the image intensifier and

e Various free hand techniques with the use of various instruments.
3.1 Nail mounted distal targeting devices

The nail mounted targeting device shown in Figure 3-1 depicts the instrumentation
supplied with Russell-Taylor interlocking nail [52]. This instrumentation is assembled
intraoperatively, with the proximal drill guide initially being attached to assist
intramedullary nail insertion. Following acquisition of the perfect circle image
(discussed in section 3.3), the shaft of the distal targeting device is then inserted
through the adapter block, until a position which corresponds to the individual nail’s
length is obtained. The shaft is then locked into position (parallel to the nail) by

tightening a grub-screw in the adaptor block. The adjustment instrument is then used
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to align the distal targeting device with the more proximal of the two distal holes, by

making several fluoroscopically-guided fine adjustments.

Proximal drill
guide assembly

Adjustment
instrument

Drill sleeve

Figure 3-1 Nail mounted distal targeting device |52]

As an alternative to an externally positioned solution, a self guiding intramedullary
nail system was developed by Azer ef al [72]. Once reaming of the medullary canal is
performed, the lateral cortex at the distal end of the femur is exposed through a 4cm
incision, and the dissection is made for placement of distal screw as shown in Figure

3-2.
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Exposin
lateral

Figure 3-2 Opening of lateral cortex.

The center of the femur is approximated and a drill bit is placed perpendicular to the

long axis of the femur as shown in Figure 3-3. The transverse drill bit is drilled
124

through both cortices and left in place. The position and perpendicularity of the drill

bit is checked by using fluoroscopy.

Figure 3-3 The nail slides down over the guide rod without rotating and interlocks with the distal

drill bit.
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A guide rod with a “distal bifurcation™ (similar distal end to that of an intramedullary
nail, i.e. containing two distal holes) is inserted down the reamed canal just proximal
to the transverse drill bit. The guide rod is considerably smaller in diameter than the
reamed canal; therefore the surgeon can rotate it to intersect and capture the
transverse drill bit in the distal bifurcation. The engagement of the guide rod onto the
transverse drill bit is confirmed by using fluoroscopy. The length of the nail is then
determined from the marking on the guide rod at the level of nail entry point. The self
guiding nail is inserted over the guide rod by tapping using an impactor. To prevent
rotation between the nail and the guide rod during insertion, outer diameter of the
guide rod is chosen slightly smaller than the inner diameter of the nail. The nail is
then engaged with the transverse drill bit as shown in Figure 3-3. The guide rod is
then withdrawn while maintaining the nail firmly against the transverse drill bit. The
guide rod is then inserted into an external guide positioned laterally to the nail. The
guide rod is slid down externally to intersect again with the transverse drill bit. Then a
drill sleeve is inserted through the guide rod’s hole proximal to the transverse drill bit

and through the distal drill guide down to the lateral cortex as shown Figure 3-4.

Figure 3-4 Engagement of guide rod with transverse drill bit, and the drill sleeve is inserted

through the guide rod and distal drill sleeve guide.

The assembly now resembles a rectangle, as shown in Figure 3-5, with drill sleeve

parallel to the transverse drill bit and at a distance equal to the distance between holes
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in the nail and guide rod. A second drill bit is then inserted into the drill sleeve and
drill through the cortex, nail, and medial cortex. Confirmation of the drill placement is
made using the fluoroscopy. The drill, drill sleeve, parallel guide, and guide rod are
then removed prior to screw insertion in the hole proximal to the transverse drill bit.
Afterwards, the transverse drill bit is removed and second screw is inserted. The

interlocking of the nail is then confirmed using the fluoroscopy.

Figure 3-5 Self-guided interlocking system resembling a rectangle |72]

An H-shaped device, as shown in Figure 3-6, described by Steriopoulos ef al.[71],
aids distal locking in intramedullary nailing by holding two similar intramedullary
nails parallel to one another. Following the insertion of one of the nails into an over-
reamed medullary canal, the free nail situated external to the patient is used as a
guide. The device could not be used for obese patients due to the depth of the site of
the insertion of the nail. Authors concluded that distal locking procedure was time-
consuming due to insertion related nail deformation, and the proposed device can

perform better if the possible deformation of the nail could be predicted.
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Figure 3-6 H-shaped device [71]

In situations where an image intensifier is unavailable intraoperatively (a situation
which exists in many of the third world countries), Kanellopoulos er al [73] propose
performing distal locking through a window of length 3- 4 cm and width 1.5- 2 ¢cm cut
through the distal anterior femoral cortex. The cortical window provides a direct line
of sight to the distal holes. In summary, once the intramedullary nail is inserted, an
external nail of the same length is placed side by side on the lateral surface of the
patient’s thigh. Alignment between the two nails at the proximal end is achieved using
the nail’s insertion instrument. A K-wire is then introduced through the proximal of
the two distal locking holes of the external “guide nail” as shown in Figure 3-7(a).
The K-wire is then engaged onto the lateral femoral cortex, and the “guide nail” is
withdrawn. Using the location of the K-wire with respect to the most proximal of the
two distal locking holes, a rectangle is then defined on the exposed anterior aspect of
the distal femur by drilling 2mm diameter holes, as shown in Figure 3-7(b) to expose
the distal end of the nail. Two screws are then inserted through the distal holes of the
intramedullary nail and the wound (i.e. rectangular cut-out bone section) is closed in

layers.
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Figure 3-7 (a) Introduction of K-wire using external guide nail. (b) Defining rectangle by holes

drilled on the anterior cortex of the distal femur |73]

It is reported that it takes about 10 minutes to complete this procedure. According to

Kanellopoulos er al [73] all fractures and cortical windows healed uneventfully.

Although the above mentioned systems are rather simple to apply, they have not been
applied for general clinical use, as these devices do not compensate for deformation of
the nail during insertion, due to bending and rotational forces, thereby making this
technique unreliable [66, 74] as up to 15% misplaced screws have been reported. In
addition to this, the proximally mounted device is specific to the type of the nail being
used. It is not as versatile as a free hand locking device, which can be applied to more

than one locking nail system.

3.2 Image Intensifier mounted targeting devices

Image intensifier mounted targeting devices were introduced as a means of reducing
the radiation exposure to both surgeons and patients. A device resembling a double
pronged fork is described by Kempf er al [28]. This device is inserted into a bracket
attached to the X-ray tube housing (prior to image accusation) as shown in Figure 3-8.
The surgical incision is then made, and the drill guide incorporated into the targeting
device is brought into alignment with one of the distal holes. This is accomplished by

mounting the targeting device on a hinged bracket, in such a way that the drill guide is
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aligned with X-ray imaging axis when the targeting device is lowered into a
horizontal position as shown in Figure 3-8. Once a perfectly circular image of the
distal hole alignment with the sighting barrel’s hole is obtained, the targeting is
complete i.e. first distal hole is locked. The procedure is then repeated for locking the

second distal hole.
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— Sighting barrel and guide sleeve
aligned with x-ray imaging axis
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Targeting device attached
to x-ray tube housing

Figure 3-8 Target device inserted into the console, which is secured to the X-ray tube housing

28]

The procedure requires an expert radiographer as it involves the manipulation of the
C-arm by the radiographer, to align the hole in the sighting barrel with the nail’s distal
hole. Many surgeons have found that the drill guide is easily displaced from its
planned trajectory. This is caused by the bending of the long lever arm of the targeting

device when manual pressure is applied during drilling process.

Goodall er al [68] developed a system that uses a laser enclosed in an aluminium
case, which is mounted on the image intensifier. The visible laser beam is aligned
with the X-ray axis of the C-arm by focusing it via mirrors. The C-arm is then

adjusted until the distal locking hole appears as a circle (instead of an ellipse) to
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acquire a perfect circle image. Once the perfect circle image is obtained the laser
beam is centred through the distal hole resulting in the laser as a dot on the skin
marking the incision site as shown in Figure 3-9. Now drilling of the distal locking
hole can be performed without fluoroscopic guidance, resulting in reduction of
radiation exposure to both surgeon and patient. However, extreme care must be taken

to avoid direct exposure of laser to eyes.

Laser beam used as positioning
guide for hand -held drill Laser pointer unit

Image intensifier

Axis of x-ray beam
(Laser directed to source)

Figure 3-9 Image Intensifier mounted targeting device [68]

Goulet et al [69] have proposed a laser guidance system in which the centre of the X-
ray beam i.e. X-ray imaging axis is marked on the image intensifier by placing a
90° wire cross directly on the image intensifier as shown in Figure 3-10. This projects

a cross on the centre of the CRT monitor screen.
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Figure 3-10 Alignment of X-ray imaging axis with wire cross intersection [69]

The path of the X-ray imaging axis is then defined by aligning the planes of two laser
lights mounted on the cathode tube of the image intensifier such that intersection of
the light planes is parallel to and coaxial with the X-ray imaging axis as shown in

Figure 3-11. This allows direct visualization of the path of the X-ray imaging axis.
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Figure 3-11 Laser planes intersection for defining path of X-ray imaging axis |69]

The C-arm is then moved until the distal nail holes are aligned centrally with the cross

on the screen allowing the laser to guide the direction and angle of the drill.

Although these devices offer good protection from the radiation, they have not been
generally accepted, mainly because of their instability, as these devices can only move

with the image intensifier, which is not constructed to perform minute movements.

3.3 Free hand technique

The failure of proximally mounted targeting devices during the distal locking process
resulted in the introduction of free hand techniques for completion of the distal
locking process. Due to their simplicity, free hand techniques are used nowadays by
most of the surgeons as the best available method for distal locking [75]. The
simplicity of these technique results from the use of a surgical instrument as the

aiming device. Mostly, this surgical instrument is a form of K-wire, drill bit or guide
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wire [76], which is inserted into the chuck of an air-powered surgical drill. Free hand

techniques use the perfect circle approach. It involves the following stages:

¢ Acquisition of near-perfect circle image

In order to obtain a near-perfect circle image, i.e. an image in which the distal locking
holes appear as perfect circle rather than an ellipse, the position of the C-arm is
adjusted until the two distal holes appears as near perfect circles as shown in Figure

3-12,

Figure 3-12 Perfect circle approach.

¢ Determination of entry point

After obtaining a near perfect circle, the surgical tool (K-wire, drill bit or guide wire)
is then held within the image intensifier field of view, with the tip of the surgical
instrument in contact with the lateral femoral cortex. Determination of the entry point
is done by centring the tip of the surgical tool onto one of the distal locking holes,
while taking x-rays in continuous mode. During this procedure, the surgical tool must
be held at approximately 45°to the femoral shaft, to ensure visualization as shown in
Figure 3-13. This entry point is then marked by drilling few millimetres into the

lateral femoral cortex.
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Figure 3-13 Determination of entry point.

e Determination of drilling trajectory

The orientation of the surgical tool is then checked on the AP view by holding the
surgical tool perpendicular to the femoral shaft without moving its tip, which is

centred onto the distal locking hole, as shown in Figure 3-14.

Figure 3-14 Confirmation of drilling trajectory.

Having checked the drilling trajectory on both views, the distal hole can then be
drilled. In summary, by repeatedly alternating between AP and Lateral X-ray
fluoroscopic views, the surgeon adjusts the entry point and orientation of the drill so
that its axis coincides with the corresponding distal hole axis. Drilling proceeds

incrementally, with each advance verified with a new pair of X-ray fluoroscopic
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images. Once the pilot hole passing through the distal locking nail’s hole has been

drilled, the locking screw is fastened as shown in Figure 3-15.

locking

Screxy SCrews

Lateral image AP image

Figure 3-15 X-ray fluoroscopic images taken during distal locking |77]

The major disadvantage of the free hand technique is direct exposure of the surgeon’s
hands to X-ray radiation, as shown in Figure 3-16, and since the process of obtaining
near perfect circle image is time consuming, both surgeon and patient are subjected to
excessive irradiation. The outcome of the procedure is heavily dependent on the
surgeon’s skill and experience. S. Madan ef @/ [13] demonstrated that the average
time of radiation exposure during intramedullary nailing reduces to about one-third
when performed by a consultant (0.52 minutes) rather than a middle-grade surgeon

(1.61 minutes).

1

Surgeon’s hand

Figure 3-16 Direct X-rays exposure to Surgeon's hand |78|.
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3.3.1 Proposed modifications of the free hand technique

Yiannakopoulos et al [25] proposed a modification of the "perfect circles" free-hand
technique by employing a Flag and Grid technique. It involves the use of a stainless
steel “grid” of 20 by 10cm (internal dimensions of the grid’s quadrants are 10 by
10mm), and a “flag”, which consists of a 20 cm long and 3 to 4mm diameter
Steinmann pin (depending upon the core diameter of the locking screws) with a
metallic handle attached to the pin’s proximal end, as shown in Figure 3-17. The
metallic handle is used to make holding of the pin easier and to keep the surgeon’s

hand further away from X-rays.

Figure 3-17 Devices used to implement Flag and grid technique [25]

After the nail insertion, the grid is temporarily attached to the skin of the lateral
surface of the femur (i.e. corresponding to the distal nail holes) using a plastic

adhesive drape as shown in Figure 3-18.
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Figure 3-18 Attachment of the metallic grid to femur with an adhesive drape [25]

A haemostatic clamp (star) 1s attached to the grid (shown in Figure 3-19) to provide
reference. Once the perfect circle fluoroscopic image is obtained, as shown in Figure
3-19, the position of the distal holes in relation to the grid is determined by referring
to the grid’ quadrant. A 0.5 to 1 cm long skin incision is performed at the appropriate
quadrant. Through the skin incision the tip of the “flag™ is then used to locate the
approximate centre of the distal hole using fluoroscopic verification. Subsequently,
the tip of the “flag” is positioned parallel to X-ray imaging axis, and advanced
through the cortex and the nail with hammer blows. The “flag” is then removed and a

screw of appropriate length is inserted.

Figure 3-19 Lateral view perfect circle image with hemostatic clamp (i.e. star) |25]
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A comparison of the proposed “Flag and Grid” technique with the free-hand
technique showed that use of the proposed technique during distal locking resulted in
reduction of radiation exposure, as only 5 to 9 radiographs (mean 6.2) were required
in comparison to 17 to 52 radiographs (mean 28.4) . Furthermore, total distal locking
operating time was also reduced while using “Flag and Grid” technique in comparison
to free-hand technique, as only 5.1+2.7minutes were required in comparison to

19 + 7.1 minutes.

Another drawback of the free-hand technique is the effect of the introduction of a
large defect into the cortex during the initial penetration by the trocar, or drill, if an
accurate position has not been achieved, i.e. if the hole has been positioned
incorrectly, it may hinder a new hole being drilled in a corrected path, as the drill may
slide into the first off-centre hole [79]. The placement of two holes in close proximity
produces an area of stress concentration and the repeated drilling may lead to screw

loosening. The creation of a large defect may also weaken the bone.

Modifications to the free-hand technique have addressed the problem of initial
cortical penetration prior to the achievement of an accurate position. Most of these
modified techniques use a Steinmann pin, K-wire, or guide pin for primary insertion
into the cortex. This has the advantage that cortical defects are not produced if
multiple attempts are required to locate the nail hole. If the wire is incorrectly sited, a
second wire will take its own path and not slip into a previously made hole [80]. It has
also been found by Owen er al [81] that during X-ray imaging it is easier to
determine, when the tip of a K-wire is aligned with the centre of the nail hole
compared with a larger diameter drill. According to Knudsen et al [80] it is usually

easier to pass a small diameter wire through a screw hole than a drill.

Knudsen et al [80] developed a technique using a 3 mm Kirschner wire (K-wire), an
air drill and an image intensifier. Implementation of this technique does not require
any assistant or aiming device. At first, the C-arm is adjusted until the X-ray image
shows two distal locking holes as perfect circles, following which the air drill is
loaded with the K-wire. The tip of the wire is then positioned on the lateral cortex and
moved until located in the centre of the proximal of the two distal locking holes. The

wire is then inserted perpendicular to the femur in the proximal of the two holes. The
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orientation is checked using the AP view by holding the K-wire perpendicular to the
femoral shaft without moving its tip. The K-wire is then driven through the bone
using the Lateral view X-ray image. Once it is confirmed that the proximal K-wire is
correctly sited, a second K-wire is inserted into the most distal hole using a similar
technique. The proximal Kirschner wire is then removed and replaced with the
definitive drill bit, and the hole is drilled using the distal K-wire as a visual guide to
show the line of passage. The same procedure is used for the second distal hole, A
- disadvantage to this technique is the removal of the guide wire prior to drilling. While
testing this method, Owen et al [81] found the procedure of rein.serting the drill across

the nail is difficult and took longer than trials using a cannulated drill bit.

MacMillan and Grosse [79] describe a method using a 2mm diameter Steinmann pin,
attached to the handle of a disposable suction unit to distance the surgeon from the
radiation field. The image intensifier is used to view the distal nail holes as perfect
circles. The pin is aligned, driven through the bone, and engaged in the opposite
cortex. A 6.0 mm cannulated reamer is placed over the Steinmann pin and the lateral
cortex is reamed up to the nail. With the guide in place the guide pin is then removed,

followed by drilling‘and screw insertion.

Owen er al [81] conducted a trial to compare the free-hand method with a method
similar to that recommended by MacMillan and Grosse, using a K-wire and
cannulated drill instead of a reamer. They found that the proposed technique reduced
the average operating time for distal locking from 30 minutes to 18 minutes and

radiation exposure time to the surgeon from 8.13 minutes to 4.7 minutes.

Although the above mentioned techniques reduce the problems of radiation and
cortical defects there are still difficulties to be addressed. These include involuntary
movements that occur during the change from locating the holes to aiming the drill
bit, or wire, and drilling the hole; additionally, the path of the dsill bit is difficult to

monitor.
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3.3.2 Devices o reduce surgeon’s irradiation while using the free

hand technique

The use of lead-impregnated gloves has been tried to limit surgeon’s irradiation while

performing distal locking procedures using the free hand technigue, however they

have not been successful as they limit movements of the surgeon’s hand considerably.

Wagner et al [82] evaluated gloves from four different manufacturers and reported
that exposure reduction of only 7% to 50% at most, whereas at higher energy levels,
the gloves were even less effective. It was also concluded that wearing protective
gloves might give a false sense of security that could increase the risk of the surgeon
placing his/her hand directly in the path of the X-ray beam. Another proposed solution
is the use of radiolucent drills in order to minimize the radiation dose, however, their
use still resulted in sizeable radiation exposure to surgeons’ hand {83]. Skjeldal et a/
[84] proposed the use of a long-handled tool holder, which ensures the surgeon’s

hands are removed from the x-rays zone to reduce surgeon’s irradiation.

In addition to the above-mentioned techniques, other alternatives have also been
proposed to assist orthopaedic surgeons in performing distal locking procedures. For
example Takashi ef af [70] have proposed the use of stereo fluoroscope ie. X-ray
images are alternately taken from left and right X-ray sources to provide a 3-D view
in real time, to assist surgeons during distal locking. However, this technique stilt
relies on the perfect circle approach, hence results in lengthy operation time and
thereby excessive irradiation to both surgeon and patient. Also the stereo flucroscope
is large, heavy and expensive in comparison to the traditional 2-D fluoroscope and

therefore is not suitable for use in the operating room during surgery.

All of the above-mentioned distal targeting techniques used by orthopaedic surgeons

involve the following three major distinct steps:

¢ Adjust the position of the C-arm fluoroscopy image intensifier so that the distal

holes appear as perfect circles on the X-ray image.

s Using a visual based targeting approach to drill a pilot hole for the locking screw
is an example of “the placement of an object (guide wire, screw, tube, or scope) at

‘a specific site within a region, via a trajectory which is planned from one or more
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imaging modalities and governed by 3-D anatomical constraints”, referred to as
“The Basic Orthopaedic Principle "[85).

e Implement the “The Basic Orthopaedic Principle”[85] to insert the locking

SCTEW.,

The problems encountered with existing techniques of distal locking include, length
of the time required for locking the distal screw, excessive radiation exposure to

surgeon and patient and misplacement of screws.
3.4 Use of fluoroscopy for distal locking

Fluoroscopy, known to most people as x-ray, is the oldest and most frequently used
form of medical imaging. The current trend in osteosynthesis, as in other branches of
medicine, is to minimise the trauma associated with gaining access to the surgical site.
Therefore, many of the "open" osteosynthesis techniques, which require large
incisions and retraction to expose the fracture site, are being superseded by "closed"
surgery counterparts in which the fracture site is not directly exposed [86]. Without
direct visualisation of the fracture site, X-ray imaging often becomes the only means
of guidance during orthopaedic surgery. Although closed surgery allows the
orthopaedic surgeon to use a minimally invasive or percutaneous approach in order to
minimize the additional trauma associated with surgicat exposure of the fracture site,
but it also results in a marked increase in the use of intra-operative fluoroscopic

imaging.

For aéquisition of fluoroscopic images, the C-arm is currently the imaging instrument
of choice because it gives valuable in situ two-dimensional projection information on
the relative position of surgical tools, bones, and implants. Nowadays, during closed
IMN for femoral shaft fracture treatment, surgeons’ usually drill the distal locking
holes using the free-hand technique as describe in Section 3.3. However use of
fluoroscopy for intraoperative guidance has some drawbacks, such as it may result in

prolong radiation exposure to surgeons.
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3.4.1 Prolonged radiation exposure to surgeons

The introduction of closed surgery has resulted in an increase in the use of
intraoperative fluoroscopy during certain surgical procedures. One pitfall of this
growing reliance on fluoroscopy, is an excessive radiation exposure to orthopaedic
surgeons and patients [87-89], as according to the American college of Radiology
(ACR), fluoroscopy gives some of the highest doses of diagnostic radiation to both
patients and surgeons [90] . Therefore, there is a concern among orthopaedic surgeons
about the increasing levels of exposure to radiation associated with intraoperative C-
arm fluoroscopy [91-93]. The maximum permissible dose (MPD), recommended by
the International Commission on Radiological Protection (ICRP), is 5,000mrem (or
50mSv) per year for the head, neck, trunk, eyes, bone marrow and gonads. Whereas,
the maximum permissible dose (MPD) for the hands and féet is 50,000mrem (or
500mSv) per year [13, 91, 94]. During the closed IMN operation a iead apron
provides adequate protections for the trunk and gonads of the surgeon but the
surgeons’ hands are more susceptible to radiation exposure due to their proximity to
the primary radiation and lack of shielding{88]. Blattert et al [95] showed that the

surgeon’s hands were exposed to markedly higher doses, which ranges from 0-2.88

mSv and 0-11.94 mSv for senior and junior surgeon groups respectively compare to

the measurements taken at the trunk and head which ranged from 0-0.27 mSv and 0-
0.38 mSv for these groups. According to (85, 89, 95-99], the total radiation exposure
time for femoral IMN, with proximal and distal locking, varies between 3.1 and
31.4min with distal locking alone occupying up to 30 to 50 percent of the total

radiation exposure time [95, 97, 99].

A number of studies [13, 89, 93] have quantified the actual radiation exposure
received by orthopaedic surgeons during IMN, and have proposed that the maximum
number of permissible IMN procedures performed by a surgeon during one year
period should be limited to between 247 and 750 as depicted by Table 3-1.
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Author (Year) | Radiation dose | Average fluoroscopy | Maximum allowed IMN
{mSv) time (min} per operations per Year
operation
Coetzee (1992) 1.42 4.64 352
Muller 2.02 4.6 247
Sanjeev (2002) 1.27 1.61 394

Table 3-1 Radiation exposure during distal locking procedures.

Although reaching the yearly limit for hands’ radiation exposure for an individual
orthopaedic surgeon seems unlikely, however the long term effects of X-ray
radiations and their relation to different types of cancer still remains unknown [100].
There is evidence that carcinogenic potential exists from low-dose, low-energy
radiations [101]. Therefore, risk of significant intraoperative radiation to orthopaedic
surgeons has been the impetus for many clinicians to develop surgical techniques

and/or recommendations that would limit the need for fluoroscopy.

Furthermore, the use of two-dimensional X-ray images, to guide three-dimensional
bone machining processes, means that a large number of X-ray images are required.
As achievement of optimum positioning of fracture fixation devices involves a certain
amount of trial-and-error and surgeons rely heavily on their hand-eye coordination
during the entire procedure.. Both the duration and outcome of the procedure are,
therefore, highly dependent upon the skill and experience of the surgeon. In addition
to this, bringing the fluoroscope into position to visualize the surgical manoeuvre
often hinders the surgeon’s access to the injured extremity [86, 102]. Also the
importance of an experienced X-ray technician in the operating room cannot be
underestimated, because the quality of the image and the frequent changes in the C-

arm position around the patient directly influences total radiation exposure time,
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3.5 Photogrammetry

According to the American Society for Photogrammetry and Remote Sensing
(ASPRS), the term photogrammetry is defined as “the art, science, and technology of
obtaining reliable information about physical objects and the environment through the
processes of recording, measuring, and interpreting photographic images and patterns
of [90]electromagnetic radiant energy and other phenomena” [103] or in simple terms
“the science or art of obtaining reliable measurements by means of photographs”
[104].

It is evident from the term “photogrammetry” that initially photogrammetric
techniques were developed for camera-based applications, generally referred as
“classical photogrammetry”. Although these classical techniqués achieved high
levels of accuracy, however the amount of unavoidable delay caused by film
development process, and further delays which are incurred during reconstruction
process that involved manual extraction of image coordinates from a pair of

photographs, meant that these techniques are not suitable for real-time applications.

Reéently, due to the huge advancements in the field of computer vision, PC-based
frame grabber cards and CCD video cameras are easily available at low price. By
using these PCI-bus frame grabbers with digital image processing, algorithms allows
both the acquisition and analysis of digital images in almost real time. Due to the
nature of digital images the automation of data processing is an inherent characteristic
of digital photogrammetric data processing thereby eliminating problems, such as
lengthy film development process and manual reconstruction associated with
“classical photogrammetry”. Also by using digital images, image enhancement can
be applied hence making “digital photogrammetry” a viable option for real time or

on-line applications [103, 106].

Photogrammetry tries to reconstruct 3D object from its two or more 2D images; for
example, the image of an object consists of the “‘projections’ of all object points
through ‘‘lines-of-sight™, therefore, the image plane is just a section of this bundle of
rays in space. Although, along every *‘line-of-sight” a corresponding object point can

be determined, but since all the space points along each ‘‘line-of-sight” will be
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projected at the same point on the image plane, therefore, this determination is not
unique and the 3D coordinates of the object point cannot be determined. However, by
introducing another image of the same object from a different view as shown in
Figure 3-20, the object point will be uniquely defined as the intersection of the two
corresponding rays, additional images of the object point will result in more rays, but

the point will still be the unique intersection of all the rays.

Lateral
focal point

3-D Reconstruction
of object point

AP focal point

Figure 3-20 3D reconstruction of an object point using” Frame [3].

The most important feature of photogrammetry is the fact, that the objects are
measure.d without being touched. Therefore, photogrammetry’s primary advantage in
the medical field is because of its reliance on imaging; as an imaging technique, it
offers short patient involvement times as well as avoids contact with the patient and
thereby avoids the risk of deforming the arca of interest and spreading infection [107].
Moreover, image acquisition is generally a simple process, using standardized
equipment that is not daunting to patients, such as the C-arm image intensifier for
taking X-ray images during distal locking. Nowadays the term “remote sensing”, is

also being used by some authors instead of photogrammetry.
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3.5.1 X-Ray Photogrammetry

The basis for X-ray photogrammetry is the central projection of a bundle of X—raﬁls
from a focal point (i.e. X-ray source, located in the x-rays generating tube) through an
object an& onto the film plane. Figure 3-21 shows the schematic of the relationship of
the perspective centre i.e. X-ray source, the image plane and the imaged object. Since,
the imaged object lies between the focal point and the film plane as in the case of
back lighting photography technique. The image is therefore larger than the object
being x-rayed. The extents of this magnification depends upon the ratio of the source-
to-object and source-to-image distance, and as a result object points nearer to the X-

ray source experience more magnification in comparison to the objects points nearer

to the image plane, this phenomenon is commonly known as “perspective distortion”.

Image plane

X-ray Beams

X-Ray Source

———— Source-to-object distance —P‘

< Source-to-Image distance "

Figure 3-21 X-Ray image formation process

Close range photogrammetry

The term “close range photogrammetry” is used to describe photogrammetric
applications in which the extent of the object to be measured or analyzed is less than
300 meters away from the camera [106, 108]. Since, during the distal locking of an
intramedullary nail, the distance of the object (intramedullary nail} and camera (X-ray
tube) is always less than 300 meters, therefore, it belongs to the close ‘rangc

photogrammetry application. The results of close range photogrammetry must
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generally be made available very quickly after acquiring images, so that they can be
used for further processing related to the measured object. In this study the drilling
trajectory must be provided to surgeons intraoperatively, shortly after acquisition of

X-ray images, so that drilling of distal locking holes can proceed.
3.6 Fluoroscopy

Fluoroscopy is an imaging technique that takes live X-ray images of the body by

passing a continuous X-ray beam through the object being studied using a

flyoroscope. A fluoroscope, shown in Figure 3-22, utilizes an X-ray tube and

fluorescent screen, with the object to be studied placed between the screen and the
tube, This immediate imaging, when coupled with an image intensifier, is invaluable
in several intraoperative medical applications such as neurosurgery, bone fracture

treatment etc.

In the past, traditional fluoroscopy employed a simple fluorescent screen to produce
instantaneous X-ray images. The fluorescent screen consists of a plastic base coated
with a thin layer of fluorescent material, which in turn is mounted onto a lead glass
plate. The lead glass plate was used to provide protection from radiation. The
resulting images can be viewed directly through the glass plate. However, low
brightness of the resulting images meant it could only be viewed in a darkened room
[109]. Therefore, modern fluoroscopy employs a device called “image intensifier

tube”, in order to produce a brighter image than that of a simple fluorescent screen.

Since fluoroscopy is a pﬁmary radiographic technilque during several intraoperative
orthopaedic surgical procedures. Therefore, an imaging system is required that does
not clutter the operating theatre environment, i.e. an imaging system that can be easily
manoeuvred, facilitate wide range of projection angles and does not obstruct the
surgeon’s access to the patient. Therefore, manufacturers of medical imaging
equipment have developed mobile C-arm units, which are specific for use in operating
theatres. As shown in Figure 3-22, the mobile C-arm employs a counterbalanced C-
arm geometry and a wheeled base unit. The X-ray tube and image intensifier housings

are placed at a fixed distance from each other on opposite ends of the C-arm arc.
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Figure 3-22 Siemens Siremobil 2 Mobile X-ray image intensifier [78]

Details about the working mechanisms of X-ray tube and image intensifier are given
in APPENDIX D.

X-ray images obtained from the image intensifier tube inherent different forms of
image distortion, such as pincushion distortion and vignetting. These are discussed

below,

3.6.1 Pincushion distortion

Image distortion due to photocathode curvature is generally referred as Pincushion
distortion [110]. Spatial distortion observed in the displayed fluoroscopic image
obtained from image intensifier tube is mainly due to the focusing of accelerated
electrons from the curved input fluorescent screen onto a curved photocathode
surface, followed by mapping onto a flat output window. The central electrons are
therefore more accurately focused than the more peripheral ones. The peripheral
electrons also tend to flare out from their ideal course. This mapping causes larger
object magnification at the periphery of the image than at the centre of the image and
thus pincushion distortion arises, as shown in Figure 3-23. The pincushion distortion

is dependent on the X-ray source-to-image intensifier distance.
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Original image Output image
(with pincushion distortion)

Figure 3-23 Pincushion distortion caused by X-ray Image intensifier.

Generally, correction for pincushion distortion in detectors is achieved by imaging a
regular calibration grid, consisting of small ball bearings [111, 112], which represent
the control points, and are used to compute the correction coefficients. An
interpolation function, either global or localized, is then used to provide the mapping
between input (undistorted) and output (distorted) pixel locations. Since, for the
image intensifier only data related to output image is available, therefore, input
(undistorted) data is usually obtained by acquiring a reference image of the calibration
frame (usually, containing a repeating grid pattern). The calibration frame is placed as
near as possible to the image intensifier window, to obtain the sharpest possible

edges.

3.6.2 Vignetting

In addition to pincushion distortion, a fluoroscopic image also suffers from brightness
non-uniformity, with the centre of the image being brigh{er then the periphery. This
image distortion phenomenon is generally referred as Vignetting. It occurs as a direct
consequences of pincushion distortion as the increased magnification at the edges of
the image means that a given area element (i.e. a grid square) is projected onto a

larger area at the periphery of the image. The increased size of the element area Jeads

to a corresponding decrease in intensity, since the X-ray beam is spread over a larger
area [78].
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3.6.3 Geomagnetic Distortion

Geomagnetic distortion or S- distortion, shown in Figure 3-24, is introduced by the
electron optics of the image intensifier and their interaction with external magnetic
fields, mainly with the earth magnetic field. When an electron travels through a
magnetic field, it experiences an induced force which, in accordance with Lorentz
force law, acts at right angles to both its velocity and the magnetic field. In the case of
the image intensifier tube, this induced force deflects electrons from their true
trajectories and therefore represents an additional source of image distortion [3]. The

geomagnetic distortion effect does depend on the orientation of the image intensifier

in the earth’s magnetic field, and changes considerably in pattern and magnitude as

the position of the image intensifier is changed during its rotation [111]. Therefore, in
order to achieve distortion correction of geomagnetic distortion, spatial orientation of
the C-arm must be taken into account. When the image intensifier tube is parallel to
geomagnetic field, a magnetic field component parallel to the image intensifier affects
velocity of radial electrons velocity in the image intensifier, which causes a rotation of

the image.

X X X Image Rotation

X X X

Magnetic Field

Figure 3-24 S-distortion when Image intensifier is parallel to magnetic field [78]

Whereas, when the image intensifier tube is perpendicular to the geomagnetic field, a
transverse magnetic field component acts on the longitudinal velocity of electrons that

translates the image as shown in Figure 3-25.
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X X X Image Displacement

X X

Magnetic Field

Figure 3-25 S-distortion when Image intensifier oriented transverse to the magnetic field [78]

In addition to the to the geomagnetic distortion effect, the possibilities of additional
magnetic influences in the operating room cannot be overlooked. The image
intensifier housing of the C-arm unit is by necessity frequently placed in close
proximity to large metallic objects, for example the operating table. Therefore,
electromagnetic interferences caused by operating room equipment are also widely
acknowledged as being a significant problem. In relation to the mobile C-arm
fluoroscopy unit, these magnetic-related image distortion effects are therefore highly

unpredictable and, as such, can not be modelled off line i.e. preoperatively.
3.7 Distortion Correction of X-ray Images

In order to be able to extract quantifative data from the X-ray images, distortion
correction is needed. For a distorted image, two types of corrections are used, namely:
global correction methods and local methods. Both local and global methods have

their advantages and disadvantages, which are discussed in the follbwing section,
3.7.1 Global distortion correction approach

While applying a global approach, it is assumed that the image distortion is uniform
i.e. symmetrical; over the entire field-of-view, therefore, a global polynomial function
of a high-order polynomial, usually a 4th or 5th-order polynomial is used to determine

a relationship between .“[he output (distorted) and input (undistorted) image
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coordinates [32, 110, 113]. Since, in the case of the image intensifier, only data
pertaining to the distorted output image is available, therefore, the “input image” data
is usually created by acquiring a reference image of a calibration target containing a
repeating grid pattern. It is standard practice for this calibration target to be placed as
near as possible to image intensifier input window to ensure a sharpest possible image
as well as simulating the image plane. A dewarping function is then calculated by
comparing the locations of the centres of the calibration markers (i.e. fiducials) of the
input image with their projected locations in the output image. However, the resulting
dewarping function is only valid for a specific gantry angle (i.e. specific orientation of
the C-arm), for which the output image is taken, whereas usually fluoroscopy during
surgical procedures involves the arbitrary panning and scrolling of the image
intensifier, and, it is not always possible to use a standard gantry angle for many
oblique fields. Consequently, the global methods do not allow correction of local
distortions that may appear in the acquired image and require an excessive calibration
of the system. Therefore, a method of distortion correction is required that is

applicable to any arbitrary orientation of the image intensifier.

3.7.2 Localized distortion correction approach

Previous research has shown that image distortion is non-uniform across the entire
image, thereby application of the global distortion correction approach results in
errors and occasionally can also result in unacceptably high errors. One way to avoid
high errors is to use a localized distortion correction approach [111]. In localized
distortion cotrection methods, the image is divided into many small areas (usually
rectangular or triangular) and then distortion correction interpolation functions are
found for each localized area. Localized correction can also be very effective in
correcting geomagnetic distortion, which depends upon orientation of Image

intensifier.

One of the main criticisms for the localized approach is that although, localized
approach results in better distortion correction of X-ray images in comparison to the
global approach, it also results in lengthy computational time, as before correction can
be applied, it is necessary to identify the triangular/rectangular region for each

reference markers whose coordinates are to be corrected. However, with recent
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advancement in processing speeds, it only results in delay of milliseconds, which can
easily be overlooked due to the advantages of the localized method. Furthermore, the
discontinuities occurring along the edges of the neighbouring regions, where different
correction equations are used, represent the major problem in localized correction
methods. However, in this study while applying the localized approach for distortion
correction, it has been made sure that there are no discontinuities along the edges of
neighbouring regions, by only selecting reference markers, for triangulation, that are

in middle of the calibration frame, and not at the edges.

3.8 Robotic/Computer Assisted Orthdpaedic Surgery
(RAOS/CAQOS)

Orthopaedics is particularly well suited for RAOS/CAQS, as the bones and
periarticular soft tissues (i.e. tissues surrounding a joint) can be evaluated easily and
accurately by diagnostic technologies such as radiographs. The bony énd soft tissue
structures can subsequently be reconstructed to create three-dimensional images.

These images can then be used for simulating surgical procedures.

Intraoperative complications during distal locking of intramedullary nails have
prompted research in RAOS/CAOS to improve the accuracy of this fluoroscopy-based
‘orthopaedic procedure. Inserting the screw for locking the nail is an example of

implementing “The Basic Orthopaedic Principle” [85].

RAOS/CAOS can thus be defined as the application of computer-based technology
which aims to assist surgeons in improving their free hand capabilities during surgery,
and thereby, allowing surgeons to perform more accurate and minimally invasive
techniques, which in turn results in substantial reduction in intraoperative irradiation

and an improvement in the overall outcome of surgical treatment [114, 115}.
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3.8.1 Hull University Robotic Assistance Orthopaedic Surgery
System

Phillips et al [113, 116, 117] developed a prototype robotic assisted orthopaedic
system (RAOS) to assist surgeons in distal locking of intramedullary nails. The
RAOS comprises of the following equipment: |

RAOS trolley: It contains a PC-based computer system, a separate computer system
for an optical tracking system (Optotrak), monitor, keyboard, mouse, and a frame

grabber to obtain video feed from C-arm image intensifier.

Optotrak: It is an optical tracking system that uses two CCD camera array to track
the position of Infrared LEDs in a 3-D space. The central co-ordinate system for the
RAOS, known as operating theatre (OT) space, is based around the Optotrak.

End-effector: The end-effector is in the form of a drill bit guide, it is held by a
passive lockable arm. Passive arm is rigidly mounted on the side bar of the operating
table. For optical tracking, the end-effector is. fitted with an arrangement of seven
Infrared LEDs. The end-effector is used to position an H-shaped registration phantom

and drill guide.

In order to determine the drilling trajectory for the distal locking holes and its
implementation, RAOS comprises of three independent modules (shown in Figure

3-26), namely:

e Intelligent image intensifier,
» Trajectory tactician and

o Intelligent trajectory guide.
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Trajectory tactician
(Trajectory planning software)

Figure 3-26 Overview of RAOS developed by Hull University [113].

3.8.1.1 Intelligent image intensifier

The intelligent image intensifier has been used to provide distortion free X-ray images
of the operation site using the globalized distortion correction approach, i.e. by
creating a mapping between the displayed (distorted) output image and a hypothetical
(undistorted) input image for the correction of image distortion. This distortion
correction is achieved by using a phantom (radiolucent calibration plate equipped
with Infrared LEDs) that is placed against the input window of the image intensifier
housing. This phantom contains a grid of 64 X 64 ball bearings which when imaged,
allows an image dewarping function to be derived. By applying this dewarping
function to subsequent intraoperative images, the RAOS system defines distortion
correction for each pixel of the image. For this calibration and all subsequent
measurements, this calibration plate, referred to as “virtual screen[113], is used to

define the location of the image intensifier.
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3.8.1.2 Registration Strategy of RAOS

In order to allow 3-D reconstruction of features appearing in both AP and Lateral X-
ray images, it is essential to determine the position of the X-ray source in terms of
image intensifier space. Therefore, registration of the X-ray source with the image
intensifier space is obtained by placing a phantom (an H-shaped calibration frame) in
the fluoroscopic image using an optically tracked end-effector as shown in Figure

3-27.

Figure 3-27 End-effector holding the calibration frame [116].

The phantom is placed as far away from the image intensifier as possible because as
the distance of the phantom from the X-ray source increases, the pixel/mm ratio
decreases i.e. a small error in pixels will cause large reconstruction errors in
millimetres. Therefore the phantom position is chosen as close to the X-ray source as
possible, provided that a minimum number of fiducials required for the X-ray source
location are visible. For each visible marker on the phantom, a line-of sight which
passes through each radiopaque fiducial marker and its corresponding imaged point
(transformed into virtual screen coordinates) can then be reconstructed. Intersecting
- these line-of-sight results in the determination of the X-ray source location with

respect to the image intensifier space.

Since the virtual screen must be removed while taking diagnostic Lateral and AP view

X-ray images to avoid splattering of the image by calibration markers, Therefore, the
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registration of the image intensifier with the OT coordinate space is established by
attaching infrared diodes onto the image intensifier. The 3-D position of these diodes
allows a transformation matrix between the image intensifier space and OT space to
be calculated. Those infrared diodes attached during registration to the image
intensifier remain attached throughout the distal locking procedure. The use of
Optotrak, to continuously monitor the location of the image intensifier allows the
mobile C-arm unit to be freely moved without invalidating registration, as long as the
infrared diodes mounted on the image intensifier housing remain clearly visible to the
Optotrak. Having measured the image intensifier position with respect to the OT
space, the corresponding X-ray source position is determined in terms of the OT co-
ordinate system by using the transformation obtained by calibration process.
Knowledge of the X-ray source and image intensifier locations in terms of the OT
space, then allows 3-D reconstruction of the features appearing in both AP and Lateral

X-ray images. However, this registration can be invalidated by patient motion.
3.8.1.3 Trajectory tactician

A trajectory tactician (a procedure specific software module) has been used to select
the surgical trajectory. This software extracts features of interest from the operation
site and uses their location to calculate the 3-D trajectory required for locking screws.

It requires the reconstruction of three geometrical positions:

1. Location of the long axis of the intramedullary nail,

2. The angle of rotation of the tntramedullay nail about its long axis and

3. A point on the intramedullary nail axis, which corresponds to the centre of the
distal locking hole,

Location of the long axis of the intramedullary nail

¢ In order to locate the long axis of the intramedullary nail in terms of the OT space,
intramedullary nail edge boundaries are interactively extracted from both the

Lateral and AP X-ray images as shown in Figure 3-28 and Figure 3-29

respectively.
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In each view, bisecting the two nail boundaries results in 2-D projection of the
nail axis, which when combined with a known source point for that particular
view, allows a projection plane that passes through the actual nail axis to be
defined.

After such projection planes are defined in the Lateral and AP images, their
intersection defines the nail axis in terms of the OT space as shown in Figure

3-30.

Figure 3-30 Location of the long axis of the intramedullary nail [116].

Determination of the nail angle of rotation about its long axis

An area of interest (A.O.]), containing hole profile is interactively selected from

the Lateral view image as shown in Figure 3-28.

A gradient-based edge detection algorithm is then applied to segment the

boundaries of the hole.

The hole is then mapped onto a spherical surface i.e. Best fit approach, in order to
compensate for perspective distortion (i.e. distortion resulting from central
projection, experienced by all forms of radiography. It occurs when points nearer

to the X-ray source experience more magnification than points on the opposite i.e.
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points on the image plane side of the object). The major axis of this corrected hole

is then measured using least square optimisation technique.

e Comparing major axis measurement with a mathematical model [117], designed
for registration of the nail geometry, allows the desired angle of rotation to be

determined.

Derivation of a point on the nail axis, which corresponds to the centre of the

distal locking hole

The centre of mass of the oval area is also the projection of the centre of the distal
hole in 3-D space. Therefore, the centre of the distal locking hole is then determined
in terms of OT space as the intersection of the nail axis with the line-of-sight joining

the oval centre on the virtual screen with the X-ray source location.

3.8.1.4 Registration of the passive manipulator with OT space

As with the intelligent image intensifier, there is a registration set-up step that
determines a transformation matrix between the coordinate space of intelligent
trajectory guide and OT space. The passive manipulator has optical encoders
incorporated into each of its joints. The passive manipulator is then registered with
OT space by using the Optotrak to locate a group of IR-LED’s mounted on an

especially designed end-effector.

3.8.1.5 Intelligent trajectory guide

Having established intra-operative registration, the intelligent drill guide is then used
to align a drill guide with the optimal trajectory. The surgical guidance system
comprises a custom built, passive manipulator arm, and a real time graphical display.
The graphical display, on a monitor, gives visual cues to the surgeon about the
relative difference between the actual position of the surgical instrument attached to
the passive arm and the required trajectory. The surgeon is therefore required to
manipulate the passive arm until the displayed drill guide location is coincident with
the displayed trajectory. An electromagnetic braking system then allows the arm to be

locked in position, prior to manual completion of the drilling process. It is claimed




Review of techniques available for assistance in distal locking

78

that the intelligent trajectory guide shows a maximum deviation of 0.25mm in placing

the surgical instrument along the given trajectory.

3.8.1.6 Summary of Hull robotic assisted orthopaedic system

This system does not depend on obtaining a perfect circle image. However, the main
disadvantage with this system is the need for a 3-D line-of-sight optical tracking
system (Optotrak). Use of optical tracking equipment clutters the operating theatre
environment and requires care in maintaining the line-of-sight. Furthermore, the
system is user dependent, as identification of the nail boundaries is accomplished
interactively by selecting 6 points in each view, and region containing the oval shaped

distal hole projection is also cropped manually.

3.8.2 Hebrew university Robotic Assistance Orthopaedic Surgery
System

Joskowicz er al [118, 119] at Hebrew University, Israel have developed a robot-
based system to assist orthopaedic surgeons in performing distal locking of the

intramedullary nail during femoral shaft fracture treatments. The system consists of:

o Sterilized robotically controlled targeting device,

e Animage calibration ring for distortion correction of fluoroscopic images.

3.8.2.1 Robotically controlled targeting device

The robotically controlled targeting device, shown in Figure 3-31, consists of:

* A miniature robot, named “MARS”. MARS is a 50mm x 50mm x 7T0mm parallel

manipulator of 150grams in weight with 6 Degree-of-freedom.

* A robot base plate, used to mount the miniature robot. The length of this plate is
adjustable, so that it can be adjusted to roughly equal with the length of the

intramedullary nail, and

e A targeting guide, which is mounted on the top of the robot. It consists of a head,

connecting block and a targeting drill guide. The head is mounted directly on the
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robot top. Both the connecting block and the targeting drill guide are made of
radiotransparent Derlin. The targeting drill guide is 40mm x S5mm x15mm block
with two guiding holes. The two guiding holes are 30mm apart similar to the
spacing between to distal locking holes. For the spatial localization of targeting
drill guide, it has been embedded with 32 stainless steel fiducials (each of 2mm

diameters).

connecting |
block

targeting
doll guide

Figure 3-31 Bone mounted MARS robot carrying the targeting drill guide [119]

3.8.2.2 Image Calibration ring (FluoroTrax)

The image calibration ring is a C-arm calibration phantom which attaches to the C-
arm’s image intensifier as depicted by Figure 3-32. It consists of two parallel
radiotransparent calibration plates. These plates are 76mm apart from each other, and
are embedded with 120 fiducials of 2 and 3mm diameters. The small fiducials having

a spacing of 20mm are arranged in a regular Cartesian grid pattern, whereas all 21
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large fiducials (i.e. of 3mm diameter steel balls) are all embedded onto upper the

calibration plate and form a U-shaped pattern.

Figure 3-32 FluoroTrax attached to C-arm's image intensifier [118]

3.8.2.3 Surgical procedure

The surgical procedure employed is as follows:

e Once the nail has been inserted to its desired position, the image calibration ring

(FluoroTrax) is mounted on the C-arm image intensifier.

e The robot is then rigidly placed in the vicinity of the distal locking holes by either

mounting it to the distal bone or the nail’s head.

e Distal bone mounting of the robot is achieved using a Lateral X-ray image
showing the distal locking holes, the surgeon determines the location of two self-
tapping screws onto which the robot base will be mounted. The location is
selected such that their axis is roughly parallel to the axes of the distal holes and in
close proximity of the distal locking holes. The surgeon then using a hand held jig
drills two parallel pilot holes along the nail axis. The screws are then fastened to

mount robot base on them as shown in Figure 3-31.

e Intramedullary nail head mounting of the robot is accomplished using a U-shaped
adaptor. One end of a U-shaped adaptor is directly screwed onto the nail’s head,
whereas the other end is used to mount the robot base plate. It is claimed that this

fixation is rigid unless the bone is osteoporotic.
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e The targeting drill guide is then mounted on the robot top base as shown in Figure

3-31.

e Orientation of the C-arm is then adjusted until the distal locking holes appear, as
near perfect circles in the Lateral X-ray image. This is being done, so that later on
axes of the distal locking holes can coincide with the axes of two guiding holes on

the targeting drill guide.

e Once, the perfect circle image is obtained, an intraoperative X-ray image is

acquired as shown by Figure 3-33.

cahibration
ﬁd/\rcxals
f

B’

Figure 3-33 Typical intraoperative X-ray image |119]

e Distortion correction of the intraoperative image is then carried out in the

following manner:

At first, a background image is obtained by morphologically removing fiducials from
the intraoperative X-ray image, by using a median filter on the intraoperative image.
Since, the grey level values of the pixels occupied by fiducials in the intraoperative
image are lower than that of the background image, therefore, after subtraction grey
level values of pixels occupied by fiducials will be negative, and hence these pixels

are potential candidate for fiducial location. Two circle templates are then created one
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for small fiducials (2mm diameter) and other for large fiducials (3mm diameter).
Fiducial’s cluster recognition is then accomplished using two circle templates, with
each cluster defining the location of an individual fiducial. The center of the fiducial
is determined by finding the center of mass, of the cluster defining a fiducial. The
large fiducials forming a U-shape pattern are identified by analyzing the weight of
each cluster (i.e. number of pixels forming the cluster). Once the fiducials have been
detected, a dewarping function is then determined for the entire image (i.e. Global
approach) by comparing the locations of the fiducial centres of input image with their

projected locations in the image.

e Camera calibration is then carried out to determine internal (focal length or
principal axis distance, image centre co-ordinates, horizontal and vertical pixel

scales) and external camera (location of X-ray source) parameters.

e The targeting drill guide is then localized by identifying its fiducials and their
pattern in the image. Two orthogonal pairs of parallel lines define the targeting

drill guide pattern as shown in Figure 3-34.

Figure 3-34 Targeting drill guide identification [119]

e In order to locate the distal locking holes, at first the nail’s edges are detected
using the canny edge detector, then location of the distal locking holes is

determined by running a parallelepiped window within the nail contour, as
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illustrated by Figure 3-35. The size of the parallelepiped window is equal to that

of the nail width.

Figure 3-35 Distal locking hole identification [119]

The transformation that will make the axes of the guide holes and the axes of the

distal locking holes coincide is then obtained in following manner:

As the targeting drill guide is pre-calibrated, therefore, the transformation from

the robot’s coordinate system to the targeting drill guide is known.

Whereas, the transformation between the targeting drill guide and the C-arm X-
ray source (i.e. the Lateral X-ray source with respect to drill guide co-ordinate
system) is determined from the external camera parameters (i.e. spatial position

and orientation of X-ray source) and known geometry of targeting drill guide.

Then, in order to ensure that the axes of the guide holes and the axes of the distal
locking holes coincide, the robot is oriented in such a way that both the axes of the
guide holes and imaging axis of the C-arm are aligned. The guide hole axis is
defined by the centre of drill guide hole and the Lateral focal point, which are both
known in terms of drill guide coordinate system. The C-arm imaging axis is
defined by the centre of distal locking hole and the Lateral focal point, in this way

it is ensured that the axes of the guide holes are parallel with the axes of the distal
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holes, as the axes of the distal holes are already in alignment with the imaging axis

due to the perfect circle approach.

e Then the guide holes are translated until their centres are coincide with those of
the distal locking holes i.e. when the centre of the guide holes coincide with the
centre of the distal locking holes, since both are known in terms of the drill guide
co-ordinate system using triangulation technique (described in section 4.4) in the

Lateral view X-ray image.

It is claimed that the system yields a worst-case deviation of 1.5mm and 2° between
the axes of the drill guide holes and the axes of the distal holes at the screw entry

point.

3.8.2.4 Summary of Hebrew University RAOS

By mounting the robot directly on the patient’s bone this system eliminates the need
for leg immobilization and real-time tracking. However a rigid attachment of the
miniature robot to the bone is absolutely essential. This system has some drawbacks.
There is a reliance on the perfect circle approach. A globalized approach is used for
distortion correction, which does not allow correction of local distortions that may

appear in the acquired image.
3.9 Computer Assistance Orthopaedic Surgery

As discussed earlier the use of fluoroscopy for intraoperative guidance has some
drawbacks such as excessive irradiation to operating room personnel and lack of
spatial information. Therefore, nowadays in order to overcome these problems there is
trend of applying virtual fluoroscopy/ surgical navigation technique in orthopaedic
surgery, especially for distal locking of the intramedullary nail for treating femoral

shaft fractures.

Nolte er al [12, 120] developed a computer-assisted free-hand navigation system that
uses intraoperative X-ray images as a basis for real-time navigation of surgical tools.
It separates image acquisition from the surgical procedure. The system consists of the

following equipment:




Review of techniques available for assistance in distal locking

e An optical tracking system, which emits and receives infrared signals,
e A computer unit and monitor,
e Optically tracked calibration grid attached to the image intensifier of the C-arm,

e Optically tracked frames placed on implant and surgical tool.

The basic principles of virtual fluoroscopy are distortion correction of fluoroscopic
images and real-time tracking. During surgery, X-ray images of the bone being
operated are acquired, for each image the position of patient/implant and the C-arm
are recorded. During surgery the position of the surgical instrument and the bone are
optically tracked via Infrared LEDs attached to them. This allows the software to
produce virtual fluoroscopic images by overlaying real time positioning of the
surgical tool in the stored fluoroscopic images, and hence reduce irradiation to the

surgeon during the surgical procedure.

N. Suhm ef al [100, 121], have used a SurgiGATE based CAOS system for distal
locking procedures. SurgiGATE (Medivision, Switzerland) is a surgical navigation
system that offers continuous intraoperative guidance to surgeons by using stored
fluoroscopic images. These images are acquired intraoperatively, i.e. after the nail is
inserted into the medullary canal. The SurgiGATE navigation system employs
Optotrak, to track the C-arm Image intensifier, a compact air drive and the nail
insertion handle, which are all equipped with Infrared LEDs. The computer-assisted

distal locking is performed as follows:

e In order to obtain the perfect circle image (i.e. alignment between C-arm and axes
of the distal holes), prior to insertion of the nail into the femur, the nail is rigidly
attached to the nail reference base, which is fitted with Infrared LEDs. Optotrak is
then used to track the position of the distal locking holes and their major axes
relative to the nail reference base. This is accomplished by inserting the
referenced nail pointer (which is fitted with Infrared LEDs as well) into the distal
locking holes as shown in Figure 3-36. This information is then transferred to the

workstation; this procedure is referred as “collecting™.
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Figure 3-36 Registration of distal locking hole with nail reference base prior to nail insertion.

e Once the nail is inserted into the femur, a computer animation on a workstation
screen guides the radiographer to position the C-arm relative to the intramedullary
nail in such a way that distal locking holes can be imaged as perfect circles rather
than ellipses. This computer animation is based on the data obtained during the
“collecting”™ procedure (i.e. prior to the insertion of the nail). Therefore, this data
does not take into account the nail’s deformation its insertion into the medullary
canal, which can impair the ability of the system to provide precise alignment

required to obtain the perfect circle image.

In computer animation (virtual C-arm image), defined points (i.e. registration of the
axes of the distal holes relative to the nail reference base) are represented by a
graphical object that is rendered through the cone beam projection model onto the
virtual C-arm image. Each distal locking hole is represented by a pair of small circles,
whereas the nail axis is represented by a long straight line, and the large circle
represents the field of view of the C-arm image. Once two circles belonging to a distal
hole are overlapped over each other and are located in the centre of the field of view,

the desired C-arm alignment is achieved to obtain perfect circle image.

e The result of the alignment process is confirmed by using a Lateral image. If a
perfect circle image is obtained, then the Lateral image is transferred to the
workstation. However, in case of the hole being imaged elliptical, the C-arm is

repositioned manually, until the perfect circle image is obtained.
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e After acquisition of the Lateral view perfect circle image, the AP view image is
acquired, and the C-arm is removed. At the time of image acquisition, the relative
position of the nail reference base and the C-arm is measured; this allows defining
the desired C-arm orientation with respect to the patient i.e. the nail reference
base. The images are then calibrated to remove distortions and account for

magnification.

e Once the image acquisition is finished, Optotrak is used to track the drill and the
nail reference base. This allows computation of the spatial relationship between
the drill and the nail reference base. The position of the drill is then projected onto

workstation screen (i.e. graphical display of the drill bit is overlaid on the stored

images in real time).

e The drill is then introduced through an incision until it contacts bone. The drill bit
is then moved along the surface of the bone, until its projection on the computer
screen is located in the centre of the distal locking hole. The entrance point is then
obtained by impression of drill bit onto the bone. The drill axis is then aligned
with the distal locking hole’s axis using the trajectory displayed on workstation

screen.

It is claimed that the total fluoroscopy time to insert one distal locking screw is

reduced from 108 (£61) seconds to only 7.3 (£6.4) seconds using the fluoroscopy-

based surgical navigation system in comparison to the fluoroscopic guidance system.
Although, additional time was required to set-up the navigation system, and it was
observed that the technical reliability was better with fluoroscopic guidance system
compared to fluoroscopy-based surgical navigation system. There were 5 “major
technical related intraoperative problems " out of 23 procedures using the surgical
navigation system. For accuracy evaluation of the proposed system, 39 distal locking

insertions were made. There was one failure” and eight minor-precision problems.

There are other commercially available computer-assisted fluoroscopy based surgical

navigation systems, such as Fluoronav (Medtronic, USA).

' Major technical problem: Technical problems were rated as major when they could not be solved
within 10 minutes during the procedure, such as incorrect distortion of stored x-ray images from
navigation system, invisibility of nail’s reference base used for nail registration etc.

* Failure : Failure means complete failure in distal locking,
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3.9.1.1 Summary of surgical navigation system

Radiation exposure to surgeon is significantly reduced, as only few X-ray images are
acquired. However, although these surgical assist systems reduce the irradiation to the
surgeon they may result in a longer overall procedure time in comparison to the free-
hand technique [114]. The use of these systems also requires expertise and additional
personnel. Furthermore, these systems require an unobstructed line-of-sight between
the optical tracking cameras and infrared LEDs mounted on the image intensifier and
the surgical tool (or drill guide), resulting in a limitation of free movement by the

surgical personnel.

3.10The Loughborough University Robotic Assistance
Orthopaedic Surgery System

The Loughborough University approach under the supervision of Dr. K Bouazza
Marouf [3-7]. differs from existing RAOS/CAOS systems, as it uses a calibration
frame for calibration and registration purposes. Thereby, it eliminates the need for
optical tracking equipment such as Optotrak, which tends to clutter the operating

theatre environment and requires care in maintaining the line of sight.

lan Browbank [78], designed a calibration frame known as Hipbox (enclosed
measurement volume=225mm x 225mm x 225mm ), prototype of the Hipbox is shown
in Figure 3-37. It consisted of two parts forming a sleeve which is then put around the
knee. However, for intraoperative application this arrangement proved to be rather
cumbersome and heavy. Therefore in order to achieve a quicker set up time another
calibration frame, known as the “Gamma™ (I") Frame, shown in Figure 3-37, was

developed by Schanbler [4].

However, the use of the I" Frame has one obvious drawback compared to the Hipbox.
The patient’s leg is not situated within the calibration plates for the I" Frame.
Therefore, reconstruction of the target points located inside the patient’s leg must be
done on extrapolation instead of intrapolation basis. Hence, a small error in
positioning of calibration plates can cause significant errors in reconstruction of

points in space. This limitation makes the I" Frame slightly less accurate than the
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Hipbox, but analysis showed that it provides reconstruction errors of better than Imm,
which is within the desired accuracy requirement of Imm for guide wire insertion and

distal locking procedure.

It should be noted that to avoid fiducial overlapping robotic positioning of " Frame
can be achieved with ease as well as required calibration images can also be obtained
without excessive repositioning of the I" Frame. Furthermore, the I" Frame is less
sensitive to rotations in comparison to the Hipbox resulting in visibility of most of the
fiducials required for calibration and registration purposes. Therefore, as a result the
use of the I" Frame is preferred over the Hipbox due to its ease of use, which makes it

more compatible for intraoperative application.

|

i

Figure 3-37 Hip box prototype (L.H.S) and [ frame (R.H.S).

In total there are four Perspex calibrations plates fixed on the I" frame. Since in order
to obtain good results, a large number of fiducials should be visible for better
distortion correction, therefore, the aim of the arrangement was to find such grid
pattern so that almost no fiducials are superimposed on the image plane, i.e. to avoid
projection of ball bearings from both plates in a view onto the same image point as

shown in Figure 3-38.




Review of techniques available for assistance in distal locking

90

Image plane
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Figure 3-38 Fiducial occiusion phenomena.

In Figure 3-38 it should be noted that XRII calibration plate refers to the calibration
plate nearest to the X-ray image intensifier, whereas Source calibration plate refers to

the calibration plate nearest to the X-ray source.

The fiducial patterns used on the calibration plates are as follows:

XRII plate — Lateral view

A nine-by-nine grid (10mm grid spacing) of 2 mm diameter ball bearings. Grid
central marker (Smm diameter ball bearing) and orientation marker (6mm diameter
ball bearing) are also provided. A distinctive hole in the centre of the orientation
marker makes it easier for the user to distinguish between the centre and orientation

markers.

Source plate — Lateral view

An eight-by-eight grid (9mm grid spacing) of 3 mm diameter ball bearings. Four
small washers (4mm outside diameter) are used to mark the centre of the grid. There
is no difference between these washers. Therefore, they can be easily distinguished

from the central marker of XRII plate.




Review of techniques available for assistance in distal locking

91

XRII plate — AP view

A nine-by-nine grid (14mm grid spacing) of 2 mm diameter ball bearings. A grid
central marker (Smm diameter ball bearing) and an orientation marker (6bmm diameter

ball bearing) are also provided.

Source plate —AP view

An eight-by-eight grid (13mm grid spacing) of 3 mm diameter ball bearings. Four

small washers (4mm outside diameter) are used to mark the centre of the grid.

Use of Reference markers

Since the position of the calibration frame is not fixed with respect to C-arm, and
there is a need to identify each fiducial appearing within the field of view
individually. This can be accomplished by introducing reference markers within the
field of view. As they provide both in-plane angular orientation of the calibration
frame and a grid pattern in pixels. In addition to this, it is easier for the user to
differentiate between the reference marker and other fiducials due to their different

sizes.
3.11Novelty of this thesis

The novelty of the work presented in this thesis lies in the robustness of the machine
vision system and the offline CAD modelling of the intramedullary nails. These
contributions to an existing system allow the proposed system to determine the
drilling trajectory of the distal locking holes with respect to the calibration frame
using a novel approach based on offline modelling of the nail and an automated

machine vision system.

Look-up tables (LUTs) are obtained by off-line CAD modelling of nails of different
shapes and dimensions, and all the steps involved during image analysis have been
fully automated to make the machine vision system user independent and very

efficient in terms of time taken to determine the drilling trajectory.
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The adopted machine vision system is shown in Chapter 6 and Chapter 7 to be very
robust in the presence of variable noise and contrast in the X-ray images and in terms

of variable magnification. Therefore, the benefits of this approach are:

e The use of off-line modelling of the nail reduces the length of time of the surgical

procedure.

¢ The method allows accurate modelling of any shape of intramedullary nail:

therefore nails from different manufacturers can be modelled.
e User independent image analysis, and

e Robustness of the machine vision system.

Furthermore, in order to make the existing I" calibration frame more robust, a review

of the calibration frame design is made on the following basis:

e To investigate the optimal number of fiducials and their spatial distribution
necessary to provide the required accuracy of Immand1® ie. maximum
allowable positional and angular misalignment respectively from the entry point

(centre of the distal locking hole).
e Design issues such as robustness and ease of manufacture.

e Adaptability for different patient physiology.

3.12 Summary

Distal locking is the most difficult part during IMN procedure due to, deformation of
the nail during its insertion and use of 2D X-ray images to guide 3D bone drilling
procedures. Therefore, many clinicians and researchers have proposed a variety of
targeting devices to assist surgeons during distal locking, and to reduce irradiation to
patient and operating staff during distal locking of intramedullary nails, with varying
success. The three main approaches are the devices assisting free-hand technique, nail
mounted guides and guides attached to an image intensifier. However, each of these

devices has its advantages and disadvantages; consequently the free-hand technique
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remains the main method used by orthopaedic surgeons. Hence, the surgical time and
outcome of the procedure are very much dependent upon the skill and experience of

the surgeon.

Current trend is to use RAOS/CAOS for distal locking. It is a fairly new area of
development and many of the systems described in this chapter are at a prototype
stage. Although these surgical assist systems reduce the irradiation to the surgeon they
may result in a longer overall procedure time in comparison to the free-hand
technique. Furthermore, these systems require an unobstructed line-of-sight between
the optical tracking cameras and infrared LEDs mounted on the image intensifier and
the surgical tool (or drill guide), resulting in a limitation of free movement by the
surgical personnel. Therefore, there is a need to develop a surgical system/technique
that can, reduce the irradiation to patient and operating staff, improve the outcome of
the procedure and make surgical time more consistent. Towards, the end of the
chapter, the system developed at Loughborough University for robotic assisted
orthopaedic surgery is explained followed by a description about the novelty of this
thesis. In the following chapter, a comprehensive description of the machine vision
system developed for analysing X-ray images acquired using Loughborough system is

presented.
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4 X-ray image acquisition and analysis

Medical information is often not provided by raw spatial data, for example
intraoperative X-ray images taken during distal locking of an intramedullary nail do
not provide the drilling trajectory of distal locking holes. Therefore, all medical
photogrammetric applications require the use of further analysis and interpretation to
allow meaningful information to be given to the end-user i.e. surgeon. Only if this
additional information is provided, can photogrammetry be utilised in practice. This
chapter discusses the application of image analysis on raw intraoperative X-ray
images obtained during laboratory trials to determine the drilling trajectory of the

distal locking holes.
4.1 Capture of Intraoperative X-ray images

In laboratory trials, two approximately orthogonal (Lateral and AP) X-ray images of
the distal end of the intramedullary nail were taken with the calibration frame in
position as shown in Figure 4-1 and Figure 4-2 for Lateral and AP view respectively.
Here it should be noted the term approximately orthogonal is used as no device is
mounted onto the C-am which can be used to quantify rotation of the C-arm and
hence ensure that Lateral and AP X-ray images are taken orthogonal to each other.
Here it should be noted that proposed system does not rely on Lateral and AP view
images taken orthogonally to each other. In image intensifier used in this study i.e.
Siemens Siremobil 2N, a videcon camera is used in combination with a digital image
processor, thus ensuring that the image intensifier/TV system is fully digitised. The
result of continuous, pulsed. or snapshot (single-pulse) fluoroscopy examinations can
therefore be enhanced prior to display on a monitor mobile viewing station. It should
be noted that frame grabber produces images with pixel resolution of 768 by 576,and

contrast resolution of 8 bit i.e. grey level values ranges between 0 and 255.



X-ray image acquisition and analysis

95

AP XRI1 Plate
X-ray tube

AP Source Plate

Qe

Nail

Lateral Source Plate
Lateral XR11 Plate

X-ray source
X-ray Image

intensifier

Figure 4-1 Set-up for Lateral view image acquisition.

X-ray Image

DX - .
AP XRII Plate intensifier

AP Source Plate

O

Nail

Lateral Source Plate
Lateral XRI1I Plate

X-ray source

X-ray tube

C-arm

Figure 4-2 Set-up for the AP view image acquisition.
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The calibration frame and typical X-ray images are shown in Figure 4-3. It should be
noted that from here onwards all dimensions along x-axis (i.e. horizontal axis of the

image) and y-axis (i.e. vertical axis of the image) are in pixels unless specified

otherwise.

R Lateral X-ray image AP X-ray image
rT - y imag
|

{ LrESS====T N\
__» AP view
Calibration plates
-
Lateral view
(a) Calibration plates (b)

Figure 4-3 (a) Calibration frame (b) Typical Lateral and AP X-ray images.

Simulation of the distal locking procedure was performed using a specially designed
test-rig incorporating a cylindrical nail of 14mm diameter containing two distal holes
of 7mm diameter spaced 30mm apart to represent a typical intramedullary nail. The
nail can be rotated accurately by known angles using a specially designed test-rig as
shown in Figure 4-4, so that results obtained from image analysis can then be verified.
It should be noted that the test-rig has an angular resolution of 1° and can be

positioned with an accuracy of around 0.2°.

Figure 4-4 Test rig used to simulate nail's rotation.
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The image analysis protocol depicted by the flow diagram of Figure 4-5 was followed
once the Lateral and AP intra-operative X-ray images were acquired. In order to
determine the drilling axis for the distal locking holes, the image analysis protocol
depicted by the flow diagram of Figure 4-5 was followed once the Lateral and AP X-

ray images were acquired

4.2 43 4.4
Fiducial re(:ognjﬁon Localized di.stortion > Location of X_ray
correction source
4.5 4.6
= Location of Intramedullary =P Determination of drilling axis
nail (IMN) axis for distal holes

Figure 4-5 Flowchart of Image analysis.
4.2 Fiducial Recognition

Registration is the process of establishing a spatial relationship between certain
locations on the images and the corresponding locations on the actual patient anatomy
in the surgical field. A key element in registration is the use of steel ball bearings as
artificial calibration markers or fiducials [122]. X-ray Photogrammetry techniques
work by introducing fiducials in radiographic images to reconstruct 3D locations of
imaged object points. The extraction of accurate quantitative 3-D data from a

conventional pair of radiographs is complicated by:

e Perspective transformation (i.e. from 3D to 2D)
¢ Image distortion

e Lack of easily identifiable anatomical landmarks in the human body.

However, all these problems can be overcome by the introduction of artificial
calibration features into the X-ray images, in this case by surrounding the anatomical
region of interest with a radiotransparent frame into which an array of fiducial

markers have been inlaid. The CAOS system functions in two worlds; the real, or
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patient world and the virtual, or computer world. Calibration markers (fiducials) are
used to link these two worlds, as they are present in both. Therefore, most surgical

robot systems to date have used such fiducials [123].

In order to calibrate the system internally or externally, the positions of the fiducials
in the calibration frame must be determined with sub-pixel accuracy, as error in the
measured coordinates of any fiducial induces an error in the location of other image

points.

The main goal of the fiducial recognition program was to recognize the maximum
number of fiducials within the field of view. Although the grey scale values of the
fiducials differ significantly from the background, global greyscale thresholding may
not be able to segment all the fiducials, as the threshold value for a given fiducial
varies with its respective position due to non-uniform brightness across the X-ray
image, with the centre of the image being brighter than the edges of the image. This
phenomenon cause low contrast at the image edges. Therefore, for fiducial
recognition, this study employs a localized thresholding approach by dividing the
whole image into small sub-regions in which each fiducial was processed
individually. Localized thresholding is superior to global thresholding as the former
computation is adaptive to local image characteristics. Localized thresholding may
result in extra computational time, as it is necessary to identify the rectangular sub-
regions for each fiducial whose centre is to be computed. However, with recent
increased processing speeds, such delays are insignificant at the image resolution used

and are far outweighed by the advantages of the technique.

4.2.1 Thresholding

In many applications of image processing, the grey levels of pixels belonging to the
object are quite different from the grey levels of the pixels belonging to the
background. In such cases, thresholding then becomes a simple but effective tool to
separate objects from the background [124, 125]. Thresholding is regarded as one of
the most powerful tools for image segmentation. Examples of thresholding

applications are in document image analysis [126] or in scene processing [127]. In
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this study thresholding will be used to extract the fiducials from the intraoperative X-

ray images.

The output of the thresholding operation is a binary image whose grey level of 0
(black) pixels correspond to background and a grey level of 1 (white) pixels
correspond to foreground or vice versa. The main difficulties associated with the
thresholding operation in medical imaging applications include strong illumination
gradient, variance of the grey levels within the object and the background and

inadequate contrast.

The thresholding method used in this study for individual fiducial recognition is “Otsu
thresholding™ [128], in which the grey level histogram of the image is divided into
two groups and the threshold is determined when the variance between the two groups
is a maximum. This method provides good results even when the histogram of a grey
level image does not have two obvious peaks. Therefore, it is regarded as one of the
most powerful methods for bi-level thresholding and is used in many thresholding

applications [129].

4.2.1.1 Implementation of Otsu’s thresholding method in Matlab

¢ Firstly maximum and minimum grey level values of the image were determined.

e Then a minimum grey level value is chosen as the initial threshold (T,). Based on
this threshold, all the pixels of the image were divided into two groups, say Cy i.e.
pixels with grey level value smaller or equal to initial threshold and C, i.e. pixels

with grey level value greater than initial threshold.

e If N, and g, and N and g are the number of pixels and the average grey level

value of groups Cj and C, respectively, the average grey level value of all the

pixels in the image can be given by:

Nop, + Ny

M, =
N, + N,

e Now the between class variance (BCV) between the two groups of pixels for

threshold value T, can be determined as follows:
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2 v r y
o (Ty)={Ny(uo =M, )+ N,(u, - M)}
® The required threshold value T is then chosen corresponding to the maximum

value of o’ (T')i.e. the threshold value for which BCV is maximum.

4.2.2 Procedure

In this study, the image analysis procedure adopted to perform automatic fiducial

recognition is summarized by the flow diagram shown in Figure 4-6.
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g

Use of reference markers location to divide image into
sub-regions for individual fiducial recognition

'

Check for presence of fiducial within each individual sub-
region

§ e

Application of Otsu's thrresholding to binarize the sub-
region.

Determination of fiducial's centre

'

If (all fiducial not searched)
Go to next sub-region

Else
Fiducial recognition complete.

Figure 4-6 Summary of fiducial recognition program.
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Detailed description of the procedure implemented to carry out automatic fiducial

recognition is described in the following sub-sections:

Initially, the X-ray image was converted to a binary image by applying Otsu’s
thresholding technique. which calculates the thresholding value corresponding to
maximum variance between a black & white group of pixels. Figure 4-7 (a) and

Figure 4-7 (b) represents the original image and thresholded image respectively.

Figure 4-7 (a) Intraoperative AP view image (b) AP view image after applying Otsu's

thresholding.

e In binary images, pixels with a value of 1 i.e. white pixel represent a point on the
object; whereas pixels with a value 0 i.e. black pixels represent the background.
Since the aim was to determine each visible fiducial’s centre, the binary image

was inverted, shown in Figure 4-8, so that fiducials can be classified as objects.

» Pixel connectivity was then used for extraction of connected components in the
inverted binary image for individual identification of objects. This was
accomplished by using Matlab function Image Processing toolbox “bwlabel.m”.
For this purpose, 8-connectedness was used to define the neighbourhood of a
given image pixel as in addition to horizontal and vertical movements between
adjacent pixels, it also uses diagonal connections. Then objects properties such as

area, bounding box and circularity were determined.
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The objects were then sorted in descending order based on their area (number of
white pixels), with the nail having the largest area among all objects, as depicted

by Figure 4-8.

] 4 [ ]
Central marker
LY &

& L
Orientation marker

L | L]

Figure 4-8 Inverted thresholded Lateral view image.

[t is obvious from Figure 4-8 that the nail will have the largest area, whereas the
two reference markers (i.e. central and orientation markers) will each have an area
/alue less than the nail but greater then the area value of any other fiducials on the
calibration plates. For typical Lateral and AP view X-ray images, values of area
obtained for the six largest objects in the inverted image are shown as an example

in Table 4-1:
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Object Intramedullary | Reference | Reference | Fiducial | Fiducial | Fiducial
Name Nail marker 1 marker 2
Area 250768 125 117 66 65 65
(Pixels)

Table 4-1 XRII plate reference marker identification based on area in the Lateral view
Object | Intramedullary | Reference | Reference | Fiducial | Fiducial | Fiducial
Name Nail marker | marker 2
Area 250768 69 62 47 45 44

(Pixels) l

Table 4-2 XRII plate reference marker identification based on area in AP view

Although reference markers on both Lateral and AP views have the same dimensions,
it can be seen from Table 4-1 and Table 4-2 that for the AP view image the area of the
reference markers is considerably smaller in comparison to that for the Lateral view
image. This is due to the positioning of Lateral and AP calibration plates with respect

to Lateral and AP X-ray source as depicted by Figure 4-1 and Figure 4-2 respectively.

It can be seen from Figure 4-1 and Figure 4-2 that during the Lateral image
acquisition, due to the design of the I" frame, the Lateral X-ray source is closer to the
Lateral XRII plate, which contains the reference markers. Therefore, Lateral
calibration plates experience more magnification in comparison to AP calibration

plates.

[t can also be noted from Table 4-2 that the difference in area of the reference markers
from other fiducials is relatively small in the AP view, therefore there is a possibility
that due to the presence of noise, fiducials at the edges may not be detected
accurately, and may have an area greater than that of the reference markers as shown

in Table 4-3.

Object | Intramedullary | Reference | Reference | Fiducial | Fiducial | Fiducial
Name Nail marker 1 | marker 2

Area 256995 73 64 94 74 56
(Pixels)

Table 4-3 XRII plate reference marker identification based on area in AP view for noisy X-ray

image
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In order to locate the reference markers reliably, the six largest objects (i.e. based on
their area) excluding the nail were considered. It can be seen from Table 4-1to Table
4-3 that doing so results in reliable identification of the reference markers. Once the
six largest objects excluding the nail were selected, the following procedure was

adopted to distinguish between reference markers and fiducials:

e The location of reference markers on the Lateral/AP XRII calibration plate
implies that the difference in their image x-coordinates will be a minimum.
Therefore, the bounding box (the smallest rectangle containing the object) of each
of the six objects was determined as shown in Figure 4-9. The bounding box of

each object was derived from a Matlab object labelling process.

- "
[Orientation marker

Figure 4-9 Identification of six largest objects based on their area.

e The image co-ordinates (minx, miny,)of each object’s bounding box were

obtained. Then the difference in the x co-ordinates of the bounding box between

each of the objects was then determined as follows:
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diff,, = abs(minx —minx,);  ie. differace in x—coordinats of 1st &2nd objee,

diff,, = abs(minx —minx;);  ie. differaice in x—coordinats of 1st &3rd objeq,

diff,s = abs(minx, —minx;);  ie. differace in x—coordinats of 4th &6th objeq,
diff,, = abs(minx, —minx, );  ie. differaice in x—coordinats of 4th &6th objed,

diffs, = abs(minx —minx,);  ie. differawce in x—coordinata of Sth &6th objea,

Among the six objects, two objects with least difference between their x co-ordinates
were identified by arranging “diffi> diff13 diff1s ..o e oo v e e diffys diffys diffss”
in descending order. These two objects were classified as an initial estimate for the
location of reference markers, as ideally the distance along the x-axis should be a
minimum between the central and orientation markers, due to their positioning on the

XRII calibration plate.

Then to make sure that the two markers selected are true reference markers, the
difference in their y co-ordinates of the starting point of the bounding box was
determined. Several X-ray images have been measured, and it has been found that the
two reference markers are always at least 150 pixels apart along the y-axis. This value
was obtained by measuring Lateral and AP view images with maximum
magnification i.e. X-ray images obtained by positioning the X-ray source such that it
was at the smallest possible distance from the calibration plates in each view. Once
this condition was satisfied, for confidence measure a final check was made to avoid
the selection of a fiducial at the edge of the image being selected as a reference
marker. This involves a comparison between the circularity of the two markers, which

is given as:

Circularity = At
i

2
where,
A= Area,

P = Perimeter
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Circularity was used as any fiducial detected with background noise will have a low
circularity value in comparison to reference markers due to it being non-circular.
Therefore, in the case of circularity of the any of the two selected markers being lower
than 1, the whole process was repeated until all the above mentioned conditions are

met to determine the location of the two reference markers.

Processing of several intraoperative X-ray images has shown that by using the above
procedure the two reference markers on the XRII calibration plate are located reliably.
Once the two reference markers were located, the distinction between the central and
orientation marker was made based on their bounding boxes. Then the predicted
locations of the other fiducials on the XRII calibration plate were computed. Since
photogrammetric reconstruction techniques work by establishing image-world point
pairs, the image vision system must be able to uniquely identify each fiducial visible
in the field of view. In order to accomplish this task, both the horizontal and vertical
grid spacings were obtained using the image coordinates of the two reference
markers. These grid spacings yield the increments required to determine the locations
of the remaining fiducials on the XRIl calibration plate. The program uses this
information to divide the image into sub-regions, as shown in Figure 4-10, and
processes each fiducial individually. A typical picture of a fiducial, which must be
recognized in that sub-region, is shown in Figure 4-10. It should be noted that for
individual fiducial recognition on the XRII calibration plate raw grey scale image is

used.”

Figure 4-10 Selected sub-region with fiducial.
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Processing of grey levels of the selected region was carried out in the following

manner:

e The inverted image of the selected region, shown in Figure 4-11, was obtained.

Figure 4-11 Inverted image of selected region.

The inverted image was then converted into a binary image, the coordinates of the
fiducial’s centre of mass (¥, ) were determined from the set of N white pixels of co-

ordinates (x,,y,) which makes up the fiducial as follows:

N
X

1
NT

al ] N
g = X/‘Z Vi

=l

It was decided to check whether using grey-scale variations would be more accurate
than binarising these images (for example, shown in Figure 4-11) before calculating
the centre of mass. Surface fitting can be used for measurement purposes when the
object of interest has a known or assumed function form. For example, fiducials on
the X-ray image can be modelled as 2D Gaussians. This is because the X-ray

distribution of an image of a ball bearing have similar shape to that of 2D Gaussian
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surface (shown in Figure 4-12 ), as the thickness is maximum at the centre of the ball

bearing and decreases towards its periphery.

Figure 4-12 2D normal distributed Gaussian probability density function.

Therefore, 2D Gaussian surface fitting based on the X-ray absorbance characteristic
of the inverted image (shown in Figure 4-11) was performed, the peak of which yields

the location of the fiducial centre. The equation of the 2D Gaussian is:

__(xx _xr))z __(yi _y'))ﬂ

2
207,‘2 2a,"

gauss fit=Ae

where,

A = Peak, i.e. the maximum gray level value ,
(x,y,) = image co-ordinates,

(x,.y,) = mean position,

(0,,0,) = Standard deviation (radii) in x and y direction respectively.

However, processing of several X-ray images have shown that no improvement in

terms of overall accuracy of the system was achieved while employing 2D Gaussian

surface fitting to find the fiducials centre.
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It should be noted that for each fiducial the algorithm checks the predicted fiducial
location against the image’s field-of-view i.e. (576 x 768) pixels. If a fiducial
expected location does not lie within the field-of-view, the image coordinates for that
fiducial were written as (0,0). The algorithm (described using Fig. 4.10 and Fig. 4.11
for individual fiducial recognition on XRII calibration plate) was then used to perform
fiducial recognition on the Source calibration plate.. The grid spacings for the Source
plate were different than that of the XRII calibration plate due to perspective
distortion. Therefore, reference makers for the Source calibration plate are of different
shape, as four washers were used to determine the grid spacings. Since these washers
lie in the vicinity of the central marker, location of the central marker and grid
spacings obtained for the XRII calibration plate were used to crop a region that

contains the central marker and the four washers, as shown in Figure 4-13.

20

Central marker

\
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Figure 4-13 Cropped region containing washers and central marker in the Lateral view.

Four washers of 4mm outside diameter are used on Source plate as reference markers
to distinguish from the central marker (Smm diameter) of XRII plate, thereby
distinction can be made between Source and XRII plates during fiducial recognition.
The cropped region was inverted so that the reference markers can be classified as
objects. It is obvious from Figure 4-13 that the central marker will have the largest

area, whereas the four washers will each have an area value less than the central
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marker. Therefore, the objects were sorted in descending order based on their area as

shown in Table 4-4.

Object Name | Central Marker | Washer 1 | Washer 2 | Washer 3 | Washer 4

(Pixels) 242 140 137 1 130

tad
('8

Table 4-4 Source plate reference marker identification based on area.

It can be seen that it is fairly easy to distinguish between the central marker and the
four washers based on their areas. The bounding box of each of the four washers was

then determined. Then x and y co-ordinates of the bounding box for each washer were

used to uniquely identify each washer. The image coordinates of the washers were
used to obtain grid spacings for the Source calibration plate. Once the grid spacings
for the Source calibration plate were known, the program uses this information to
divide the image into sub-regions, and processes each fiducial individually. The
image coordinates for each fiducial were then written to a file. Figure 4-14 and Figure

4-15 shows results of fiducial recognition in typical Lateral and AP X-ray images

respectively.
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] 200 1) 400 [ £O0 100

Figure 4-14 Fiducial recognition in the Lateral view image.

10 20 0 400 B0 600 o0

Figure 4-15 Fiducial recognition in AP view image.
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4.2.3 Check for partially imaged fiducials

In order to convert 2-D image information into 3-D position information it is essential
to determine the focal point (i.e. location of the X-ray source) in both the Lateral and
AP views. Since, centres of the detected fiducials are used to compute focal point,
therefore to avoid errors in computation of focal point and in turn reconstruction
accuracy, it is desirable to identify partially imaged fiducials. For this purpose. the
fiducials on the edges of the X-ray image (i.e. fiducials which are only partially
imaged) and those touching the edges of the nail (shown in Figure 4-16) have been

identified (as described in the following sub-section) and were discarded.

S0

150

" i 7 | (Fiducial on
; / Nail edge

400

i)

£50

Figure 4-16 Lateral view X-ray image.

Partially imaged fiducials, for example along the edges of the X-ray image as shown
in Figure 4-16 were identified by inspecting the cropped region containing the

individual fiducial as shown in Figure 4-17.
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16 18 20

Figure 4-17 Cropped region containing the partially imaged fiducial at the edges of the X-ray

image.

The grey level values of the pixels on the boundaries of the cropped region were
checked for the presence of dark background. If some of these pixels have a grey level
value equal to zero (i.e. indicating the presence of dark background), then the fiducial
was classified as partially imaged. Also any fiducial at the nail edges, as shown in
Figure 4-16, was identified by inspecting the boundaries of the cropped region of
interest (i.e. region containing a fiducial) after thresholding. In case of the boundaries
of a region of interest having a non-zero value as shown in Figure 4-18 (a) indicates
the presence of the nail in the region, as the grey level values of a pixel belonging to

the nail and the fiducial are similar.

4 Nail

Partially imaged
fiducial

Figure 4-18 (a) Thresholded image of the cropped region containing fiducial at the nail edges (b)

Thresholded image of the cropped region containing completely visible fiducial.
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4.3 Localized distortion correction

Small ball bearings are widely used as fiducials for distortion correction of the X-ray
image intensifier. In this study, localized distortion correction based on fiducial
neighbourhood scanning [3] has been undertaken for intraoperative distortion
correction of the X-ray images. Once the fiducial recognition has been performed,
both the image and world coordinates of fiducials appearing within the field of view
are known. Thus, for distortion correction, rather than calibrating the whole image,
only those points which are of interest (i.e. image points on calibration plates, that are
being used to construct focal lines, refer Section 4.4) were calibrated. In this way,

much computational time is saved.

This approach allows data obtained directly from actual intraoperative images to be
used to perform distortion correction. As a result assumptions do not have to be made
with regard to magnetic influence in the operating room, the internal geometry of the

Image Intensifier tube or to the orientation of the C-arm unit.

4.4 Location of X-ray source

Radiography can be considered to be a special case of central projection, in which all
the rays passes through a perspective centre or focal point {78, 86]. This point is not
identifiable as a physical feature of the X-ray machine but lies at a virtual point
behind the X-ray tube. Therefore, in order to convert 2-D image information into 3-D
position information it is essential to determine the focal point in both the Lateral and
AP views. X-ray source point in both Lateral and AP views respectively will then be
used in conjunction with points on the nail’s centre line to define Lateral and AP view
planes respectively. Intersection of these planes defines the nail axis in space as
shown in Figure 4-36. Once fiducial recognition was performed, both the image and
world coordinates of fiducials appearing within the field of view were known. Focal
lines are then constructed to determine the location of the X-ray source. Construction
of the focal lines was accomplished by selecting image points within the
intraoperative X-ray image and assigning their corresponding world co-ordinates to a
point on each of the two calibration plates in the relevant view. For this purpose,

centres of some of the detected fiducials on the XRII calibration plate (i.e. the
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calibration plate nearest to the X-ray image intensifier) are selected as image points,
as their world co-ordinates are already known, thereby avoiding any calculation error.
For each of these image points a corresponding point on the adjacent source
calibration plate (i.e. the calibration plate nearest to the X-ray source) was obtained
using the localized interpolation technique described in [4]. This technique involves
comparing the image coordinates of the given image point on the XRII plate with the
image coordinates of fiducials on the Source plate. Three closest fiducials are
determined that define a bounding triangle for the given image point, as shown in

Figure 4-19. The white cross represent fiducial markers centre on the Source plate.

Selected image point &
g on XRI| Plate n

Closest fiducials on Source plate

. L]

\‘.'

Figure 4-19 Division of intraoperative image into triangular sub-region.

4.4.1 Selection of three closest fiducials

For better accuracy the three closest fiducials for a given image point should enclose
the given image point thereby avoiding extrapolation based photogrammetric
reconstruction. However, sometimes while taking points on the nail centre line, the
three closest fiducials may be collinear due to the positioning of the nail. For example,
for an image point shown in Figure 4-20, the three closest fiducials on the source plate
were searched so that image point’s corresponding position can be determined. In this

case, the source plate fiducials lying immediately above the image point were not
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detected due to being in close proximity of the nail edges, therefore the three closest

fiducial are actually collinear, as shown in Figure 4-20 (a).

Figure 4-20 Determination of three closest fiducials for a given image point.

The author has therefore developed a novel algorithm that ensures that the selected
three fiducials for a given image point on the Source plate always form a bounding
triangle for a given image point on the XRII plate as shown in Figure 4-20 (b). Figure
4-21 describes this procedure in detail in the form of a flow chart. It should be noted
that this algorithm was developed by the author in response to certain situations where
while taking image points (points on the nail centre line), the three closest fiducials to
a given image point may be collinear due to the positioning of the nail rather than
forming a bounding triangle. In summary, once the first two closest fiducials were
chosen, their location was used to check whether they are collinear or not. If they are
not collinear, then third closest fiducial was chosen straightaway. However, if the first
two fiducials are collinear then the location of the image point with respect to first
two closest fiducials was used to determine whether they lie above or below the image

point. Afterwards following procedure was adopted for selection of third fiducial:

e At first y co-ordinate of the potential third closest fiducial was compared with

those of first two to ensure that all three fiducials are not collinear.
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e  Once three fiducial were found which were not collinear, it is required to ensure

that they bound the given image point in a triangle. For example, as shown in

Figure 4-20 if the first two closest collinear fiducials lies below the image point,

the third closest fiducial was searched until one was found which lie above the

image point. This was accomplished by comparing the y co-ordinate of image

point with that of fiducial.
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Figure 4-21 Flowchart of algorithm for selecting the bounding triangle for a given image point.

Ideally, focal lines should intersect at a true focal point, as depicted by Figure 4-22.

However, due to the nature of X-ray imaging systems these focal lines do not intersect

exactly in this way, thus an estimated focal point must be obtained.
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Figure 4-22 Ideal case of the focal point determination.

Therefore, the intersection of each pair of focal lines was obtained and, for pairs

which do not intersect due to the nature of the X-ray imaging systems. the point of

closest approach was determined as the intersection i.e. the smallest distance between

two lines was obtained. The centre point of this distance was considered as their

intersection point, as shown in Figure 4-23.
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Figure 4-23 Determination of point of intersection between two focal lines using point of closest

approach,
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Therefore. if there are 'n' focal lines to be intersected then total number of individual

focal points 'N ;" will be given by:

The centre of gravity i.e. the mean co-ordinates of this set of intersection points is

then obtained and used as an initial estimated focal point 'F ' i.e. the location of

il

the X-ray source.

".f' fl’ fl’

Emnai Z F Z F Z F

However, in order to obtain a better estimation of the focal point, any points which
were far off from the estimated focal point location were discarded from the set of
intersection points. For this purpose the mean and standard deviation of the set of
intersection points were determined, then any intersection point found outside the
range i.e. (mean+ sd) were discarded. The mean of the new set of intersection points
was then determined and used as the final estimated focal point. Analysis on several
X-ray images has shown that the difference in the initial and final estimated focal
point locations is within 0.15 mm, which implies most of the individual intersection
points were located near the true focal point location. In this study, numbers of image
points chosen from the XRII plate for focal point determination were varied from 3 to
25. Results showed that 15 points were enough to obtain the position of the focal
point without any loss of accuracy, as similar accuracies were obtained when using 15
or more image points. While selecting the image points on the XRII plate, effort has
been made to choose the image points that were located towards the centre of the
plate (as this section of the plate is least affected by distortion) while avoiding points

that lie at the edges of the nail as shown in Figure 4-24.
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Figure 4-24 Selection of image points from XRII Plate for focal point determination.
4.5 Recovery of the nail axis in space

In order to recover the nail axis in space, two X-ray images of the nail were used.
These two images were taken from views which were roughly orthogonal, hence
allowing a complete description of the 3-D position of the nail. In order to determine
the nail axis in space, automatic nail border detection was first carried out in both the

Lateral and AP views.

For the distal locking procedure, only the distal part of the nail, which contains the
distal locking holes, is of importance. Detection of the nail edges is necessary to
determine the diameter of the nail and the nail axis. The following assumptions were

made:

e The nail axis is midway between the nail borderlines. Therefore, bisection of the
nail borderlines will result in determination of the nail centerline in the relevant

VIEW.

e The intramedullary nail is straight i.e. has parallel edges at its distal end.
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Since, in an X-ray image, the nail is darker than its surroundings, the borderline of the
nail can be obtained by analyzing changes i.e. gradient in grey levels within a vertical
line profile drawn across the nail. Apparently, there will be two major transitions in
grey level values, corresponding to the nail edges, within this profile as shown in

Figure 4-25.

Grey level valies
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Figure 4-25 Line profile across the nail for nail border detection.

However, problems can be encountered if a fiducial is also present within the line
profile (see Figure 4-28) as in such case the maximum grey level difference can be
between the pixel related to the fiducial and the background, resulting in false nail
edge detection. Therefore, multiple vertical line profiles were drawn across the nail

for the purpose of edge detection as described in the following sub-sections.

4.5.1 Nail border detection in the Lateral view image

In the Lateral view image, once the location of the distal hole projection has been
obtained automatically (see Section 4.6.1), multiple line profiles on both sides of the
distal hole projection were generated as measuring the nail edges only once can lead
to potential errors, such as the presence of a fiducial within the profile. These
automatic line profiles were parallel to each other. Detection of the nail edges for each

profile is performed in the following manner:

¢ [Initially the length of the line profile to be drawn was determined by finding the
approximate width of the nail from the thresholded image. For this purpose, once

the extraction of the distal hole projection has been performed (see Section 4.6.1),



~
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the information obtained from the bounding box of the distal hole projection was
used to crop the region containing the distal end of the nail as shown in Figure
4-26. The cropped image was then thresholded and inverted (shown in Figure

4-27) so that the nail can be considered as an object (i.e. area of white pixels).

1 it 1 o b
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Figure 4-26 Cropping of image to determine nail width.

Any fiducials in the surrounding region of the nail were then discarded by only
considering objects with area greater than 500 pixels as shown in Figure 4-27. The
approximate width of the nail was then determined by using the co-ordinates of
potential edges of the nail in the cropped region as shown in Figure 4-27. However, it
can be seen that the presence of fiducials at the nail edges can induce an error in this
approximation of the nail width, therefore multiple nail edges were used to estimated

nail width.
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Figure 4-27 Determination of approximate nail width.

respectively, as shown in Figure 4-28.

«— Starting poir%

e Upper half

i

e Based on the location of the mid nail width point, the line profile was then divided

into upper and lower halves for detecting upper and lower edges of the nail
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For the upper half of the profile, the maximum value of grey level was
determined, and then only the profile from that point i.e. starting point as shown in
Figure 4-28, onwards was considered, while the rest of the profile above this point
was discarded. Use of this approach eliminated any error which may be caused by
presence of fiducial towards the end of the profile (as shown in Figure 4-28) as
largest grey level gradient or derivative of the profile is used to determine nail

edges.

The grey level gradient or derivative of the profile was determined for all the

pixels, within the remaining upper half profile.

The point where this derivative 1s a maximum was then classified as an edge pixel
as shown in Figure 4-29. However, in the case of two maxima, the lower pixel of
the two was considered as an edge pixel, because the transition between
consecutive grey levels across the nail was small in comparison to the transition
between the nail and background or the fiducial and background. Therefore the
upper of the two pixels (i.e. where the derivative is maximum) was classified as

the transition between a fiducial and background.
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Figure 4-29 Determination of nail edge using gradient

Then for the lower half of the profile, a maximum value of grey level was
determined, and then only the profile from that point upwards was considered,

while the rest of profile below that point was discarded. This was done because if
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the line profile ends within a fiducial, then in this way only that part of the profile

was considered which comes before a fiducial.

As for the upper line profile, an edge pixel was obtained for the lower half of the
line profile in a similar fashion. However, for the lower half of the line profile, in
case of two maxima, the upper of the two pixels was considered as an edge pixel.
Whereas, the lower pixel of the two was classified as the transition between a

fiducial and the background.

Once the upper and lower edges were determined for each individual profile, the
profile length between the nail edges was determined. These profile lengths were

then stored in an array called “profilelength_set”.
The mean and standard deviation (sd) of the “profilelength set™ were determined.

Any value of profile length within “profilelength_set” found outside the range i.e.

(mean+sd) were regarded as abnormal values and were discarded from

“profilelength _set™.

The coordinates of edges obtained from “profilelength set” were then averaged,
to determine the nail edges. Similarly average profile length was determined by

averaging the set of profile length obtained from “profilelength_set™.

Since vertical line profiles drawn across the nail were perpendicular to the x-axis
of the image and not to the nail edges, to compute nail diameter it is essential to
determine the slope of the nail axis () as shown in Figure 4-30. In order to
determine the slope of the nail axis, nail border lines were obtained by using linear
least square fit of a straight line to the data i.e. edges found on the nail border
lines. Since, the nail is straight i.e. has parallel edges at the distal end of the nail,

the nail axis will have the same slope as the nail borderlines.
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Image’s X-axis Best fit line

Profile __,"™ Nail

length '\*' diameter

Figure 4-30 Determination of nail diameter.
[t can be seen from Figure 4-30 that the nail diameter (¢) will be given by:
¢ = Profilelength x cos y

e By assuming that the nail axis coincides with the centre of the nail borderlines, the
boundary edges of the nail, shown in Figure 4-31, were then bisected to determine

the nail axis in the Lateral view image.
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Figure 4-31 Detection of nail edges and nail centreline in the Lateral view.

4.5.2 Nail border detection in the AP view image

In the AP view image, the location of the nail was determined in the following

manner:

e The primary condition for taking an AP view image is to have the nail lying
between the central and orientation marker of the XRII AP plate. Therefore, once
fiducial recognition was performed, location of the central and orientation markers
along with the fiducials on their extreme right and left hand sides allows cropping
of the part of the image that contains the distal end of the nail, as shown in Figure

4-32.
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Figure 4-32 (a) AP view image (b) Cropping of the AP view image to locate the nail using central

and orientation markers.

Where the nail obscures fiducials on either side of the central or orientation marker,
the tiducials on the extreme right and left hand side of the line immediately above the
line containing the orientation marker (say Line 1) were chosen to crop the image, for
example as shown in Figure 4-33, where the extreme right and left hand side fiducials

on Line 1 were used to crop the image.
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Figure 4-33 Location of nail in the AP view, when fiducials on extreme R.H.S. of the Orientation

marker are hidden beneath the nail.

o The approximate width of the nail and slope of the nail axis were then determined

in a similar fashion to that of the Lateral view image (see Section 4.5.1.).
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» Then, several line profiles (at 10 pixel intervals) perpendicular to the nail axis
were drawn from the starting point as shown in Figure 4-35. The starting point for
drawing line profiles was obtained by determining the upper most nail edge from

the thresholded image of the region containing the nail, as shown in Figure 4-34,
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Figure 4-34 Determination of starting point for drawling line profiles.

The length of each line profile between the nail edges along that particular line was
then determined to locate the positioning of the distal locking hole by finding the
minima, so that this region can be avoided during the subsequent nail border detection
process. Here it should be noted that during laboratory trials to cover a wide range of
possible nail orientations likely to be encountered during the surgical procedure, the
test rig was used to simulate different rotations ( @ )of the nail about its own axis. with
the nail at different orientations (¢) with respect to the X-ray imaging axis. There was
always a minima (used to locate the positioning of the distal locking hole) on the AP

view image.
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Figure 4-35 Drawing line profile across the nail to avoid a distal hole.

¢ The pixel co-ordinate information was obtained from the starting point of the line
profile for which minima was found. It was then used in conjunction with the
starting points of other line profiles to establish starting points for drawing line
profiles on both sides of the distal locking hole. Then the nail border detection in
the AP view image was carried out in a similar fashion as for the Lateral view
image (see Section 4.5.1). Figure 4-36 represents nail edge detection in a typical
AP view X-ray image. For robustness purposes, influence of noise on nail edge

detection has been considered, details of which can be found in Section 6.6.



Figure 4-36 Detection of nail edges and nail axis in the AP view.

The procedure used in this study to obtain the nail axis in space has been described in
[5, 85]. In the Lateral view, after nail border detection, it is possible to find points on
the centre line of the nail. Once these points were known in the image plane, a
localized interpolation technique using triangular sub-regions was used to find their
corresponding world coordinates on the calibration plate. These two points in
conjunction with the Lateral view focal point define a plane. A similar approach was
carried out for the AP view. Once these planes were defined in the Lateral and AP
views respectively, their intersection defines the nail axis in space as shown in Figure

4-37. This has been accomplished as follows:

At first defining Lateral view plane using Lateral view focal point (Fiy) and points

Laty; and Latyo which lie on the nail centre line. Let P (xy, yi, z;) be a general point in

the plane determined by the points F). Laty; and Laty, Now defining two vectors in
p p £

plane as follows:

I =(F

fat

~Lat ;) (Equation 4-1)
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Loy =(F - Lat ) (Equation 4-2)
Now the cross product of these two vectors will define a normal vector which is

perpendicular to the plane determined by the points Fiy, Laty and Lat,.

2ot = (Lot Xiloya)) (Equation 4-3)

Since P is distinct from Fiy, therefore FP,, lies in the plane and is perpendicular to

the vector * N,,, . Now the equation of the plane is:

FP ALl . xl_.)=0 (Equation 4-4)

Lat *

Now similarly defining AP view plane using AP view focal point (F,,) and points
APy and APy which lies on the nail centre line. Let Q (x2. y2. 2) be a general point
in the plane determined by the points Fy,, APy and APy Now defining two vectors

in plane as follows:

Ay =(Fyp = AP,) (Equation 4-5)
A =(F—4P0) (Equation 4-6)

Now the cross product of these two vectors will define a normal vector which is

perpendicular to the plane determined by the points Fyp, APy and APp.
Ny =(Ayq X A7) (Equation 4-7)

Since Q is distinct from F, therefore FQ,, lies in the plane and is perpendicular to

the vector ‘Normal 4. Now the equation of the plane is:

FQ.»I}"(/_i\'l'(l x A )=0 (Equation 4-8)

vec2

Now, the vector or cross product of these two normal vectors i.e. N, and N ,, gives

Lat
a vector which is perpendicular to both of them and which is therefore parallel to the
line of intersection of the two planes. So this cross product will give a direction vector

*V* for the line of intersection.

V=(N,

XN ) (Equation 4-9)

Ll
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In order to define the vector equation of the line of intersection, it is essential to find a
position vector, say “a of a specific point on the line. This position vector a ’ can be
found by setting y-component equal to zero in equation 4.4 and equation 4.8 for
Lateral and AP planes respectively and solving these two equations simultaneously.

Now the equation of the line of intersection can be given by:
r=a+tV (Equation 4-10)

It should be noted that point that is obtained for any value of “t* will satisfy equation

4.4 and equation 4.8 for Lateral and AP planes respectively.

AP source
Calibration plate

N

Plane defined

in lateral view

Lateral
Focal point

Plane defined L’!feral source
Calibration plate

in AP view

AP Focal point

Figure 4-37 Recovery of the nail axis in space using extrapolation technique |5, 85]

4.6 Determination of the drilling axis for distal holes

The features that were used to determine the drilling trajectory were: the angle
A(shown in Figure 4-38) between the major axis of the distal hole’s oval shaped

projection and the nail axis or the dimensionless area of the distal hole projection, the
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target point (which is the intersection of the distal hole axis and the nail axis) and the
angle ¢ (shown in Figure 4-40) between the X-ray imaging axis and the nail axis.

These features are described below.

Angle between major axis of the oval and the nail axis (1)

Feature extraction from the distal hole projection is very critical, as its accuracy will
influence the overall performance of the system. During rotation of the nail about its
long axis, the angle of the major axis of the oval shaped distal hole projection changes
significantly with respect to the nail axis. Therefore, the region containing the distal
hole projection was selected from the Lateral view X-ray image and image
segmentation was performed to extract the oval shape. The major axis of the oval was
then determined using a least squares best fit approach [130]. The angle 4 between
the major axis of the oval and the nail axis was then determined as a characteristic
measurement as shown in Figure 4-38. The angle A is then used in conjunction with
the Look-up tables (LUT) obtained from modelling of the intramedullary nail
(described in detail in Chapter 5) to to predict rotation of the nail about its long axis

L

Major axis of oval
A

Nail axis

(a) (b)
Lateral view

Figure 4-38 Angle between the major axis of the oval and the nail axis. (a) Concept (b)

Implementation using image analysis

Dimensionless area calculation

When the nail is rotated about its long axis, the angle of the major axis of the oval-

shaped distal hole projection changes significantly with respect to the nail axis, which
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remains constant except when the nail axis is perpendicular to the X-ray imaging axis.
In such a scenario it will not be possible to use A as a characteristic measurement.
Therefore in the light of the results obtained from modelling of the intramedullary nail
(see Section 5.5) it is recommended to use a dimensionless area as a characteristic
measurement in such scenarios. Therefore, once the distal hole’s oval shaped
projection was extracted from the Lateral view X-ray image (see Section 4.6.1); the
area within the extracted boundary was calculated by counting the number of pixels
having a value of 1 within the extracted boundary. Dimensionless area was then
calculated by dividing this area by nail’s diameter, which was obtained from the

Lateral image as discussed in Section 4.5.1 .

Determination of target point and angle ¢

The desired drilling trajectory must pass through the centre of the distal hole, i.e. the
target point, which is the intersection of the nail axis with the distal hole axis. This
point was found by intersecting the nail axis with the line-of-sight that passes through
the centre of the distal hole. In order to construct the line-of-sight that passes through
the centre of the distal hole, the image (pixel) co-ordinates of the centre of the hole’s
oval shaped projection, shown in Figure 4-39 were determined using the Lateral view

X-ray image.

Lateral view

Figure 4-39 Location of the centre of the distal hole projection in image plane.
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By applying a triangulation technique (described in Section 4.4) to this measured

pixel location, the corresponding source calibration plate intersection point"P, ",

source

can be found. Now a line-of-sight can be defined using the focal point (determined in

Section 4.4) in the Lateral view in conjunction with" P,

source

", which passes through

the centre of the distal hole i.e. “O” as shown in Figure 4-40.

Nail axis

Lateral Calibration plates

Line of sight Lateral Focal Point

source

Source Plate

XRII Plate

Cross-section of
distal end of the nail

Figure 4-40 Determination of distal hole's centre and angle 9.

Angle ¢ is then determined by finding the angle between the nail axis and the line-

of-sight (defined by the line passing through the target point “O” and Lateral focal

point) as shown in Figure 4-40.

Investigation of the effect of nail rotation on the centre of the oval

An investigation was carried out to determine whether the centre of the oval changes
or not, as the nail is rotated. The following results were obtained. Although image
magnification or pixel/mm ratio is dependent on positioning of the X-ray source with
respect to the calibration frame, however for a standard Lateral view image it was

found to be around 0.2, i.e. 1Pixel = 0.2 mm.
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Reading Rotatifm of the nail Coordinates of Distance (Pixel)
Number (1) | & 50 Degrees) | the oval (el | G 70—

1 0 (450.5, 308.2) -

2 2 (450.6 , 308.3) 0.2
3 4 (450.8 , 308.1) 0.3
4 6 (450.9 . 308.6) 0.5
5 8 (450.8 , 308.6) 0.5
6 10 (450.8 , 308.4) 0.4
7 12 (451.0, 308.4) 0.5
8 14 (450.5 ,308.4) 0.2
9 16 (450.8 , 308.7) 0.5

Table 4-5 Investigation into change in the centre of the oval.

It can be seen from Table 4-5, that there is no significant difference in the centre of

the oval as the nail is rotated about its long axis; and the minor difference that occurs

in the location of the centre of the oval is due to digitisation error.

Determination of angle ¢

The angle ¢ between the nail axis and the line-of-sight (defined by the line passing

through the target point “O™ and Lateral focal point as shown in Figure 4-40), yields

the rotation of the nail about the X-ray imaging axis.

Rotation of the intramedullary nail about its long axis

For determination of the drilling axis, in addition to the anglesi, ¢ and the

coordinates of the target point, it is also necessary to determine the rotation of the nail

@ about its long axis with respect to the line-of-sight as shown in Figure 4-41.
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Line of sight

Nail Cross-section Distal hole

Figure 4-41 Rotation of the nail about its long axis.

4.6.1 Extraction of distal hole projection

As described earlier, the most challenging task faced by the surgeons during IMN is
to locate the axes of the distal locking holes. During IMN, distal locking holes can
only be seen in the Lateral X-ray image, as the nail is inside the canal of the patient’s
femur. Therefore, for the determination of rotation of the nail about its long axis, only

the Lateral view is of importance.

Automatic extraction of the distal hole projection from the Lateral X-ray image was

performed in the following manner:

e Firstly, the Lateral X-ray image was converted to a binary image as shown in

Figure 4-42, by applying Otsu’s thresholding technique (see Section 4.2.1).




140

)
100
150
20
250
0
350
400
450
00

650

Figure 4-42 Lateral view image before and after thresholding.

e Pixel connectivity was then used for extraction of connected components in the
binary image for individual identification of objects (i.e. clusters of white pixels).

This was accomplished by using the Matlab IP toolbox function “bwlabel.m”.

e Then, the areas of all the labelled objects in the binary image were determined and
stored in descending order. Any objects having smaller areas (i.e. other than

background and two distal holes) were discarded.

* As can be seen from Figure 4-42, the two distal holes have the 2nd and 3rd largest
area, whereas the white background has the largest area. However, in images
where the nail is completely across the calibration frame, shown in Figure 4-43,
the two distal holes will have 3" and 4" largest area as the presence of the nail
across the calibration frame divides the background into two parts. Therefore a
check was made to determine the number of labelled objects in the binary image
to determine positioning of the nail and two distal holes were identified

accordingly based on their area.
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Figure 4-43 Lateral view X-ray image with nail completely across the calibration frame.

» The centroids of the objects representing the two distal holes were then
determined, and distinction between the two distal holes was then made on the
basis of the x-coordinate of the centroid, as the distal hole on the right hand side

of the Lateral view image will always have higher value of x-coordinate.

e The area containing the distal hole projection was then cropped from the original
image as shown in Figure 4-44. Then Otsu’s thresholding method was applied to

extract the distal hole oval shaped projection from the cropped region.
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Figure 4-44 Oval before and after thresholding.

It should be noted that intramedullary nail used during x-ray image acquisition has
diameter of 14 mm, with the distal locking hole of 7mm diameter. Some times during
the distal locking process, the oval shape of the distal locking hole contains one or
more fiducials at its edges or completely within it. This could result in false
calculation of the major axis of the oval and hence inaccurate determination of the
rotation of the nail about its long axis. Therefore, the oval shaped projection of the
distal locking hole was analysed to check for the presence of fiducials within or at the
edge of the oval. An automatic technique has been implemented which removes the
effect of such fiducials in computing the area of the oval and the angle between the
major axis of the oval and the nail axis: both of these measurements are necessary for
derivation of the drilling trajectory. This technique is described in detail in the

following sub-sections.

4.6.2 Fiducial within the oval

Once the region that contains the distal hole projection has been selected, Otsu’s
thresholding was applied to the region, to binarize the image, as shown in Figure

4-45,

o The thresholded image was then inverted, so that in the case of a fiducial being

within the oval as shown in Figure 4-45, an inverted image will contain two

objects representing background and the fiducial respectively, as shown in Figure

4-46.
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Figure 4-45 Presence of fiducial within the oval.

Then labeling of the binary image was done, to determine the number of objects
within the image. The presence of a fiducial within the oval was indicated when
the number of objects within the binary image were greater than one, i.e. fiducial

and the background as shown in Figure 4-46.
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Figure 4-46 Inverted thresholded image.

The pixels belonging to the fiducial were then identified based on area comparison
between the two objects (i.e. fiducial and the background), and were assigned a

value of zero, thus making the fiducial part of the oval.

The image was then inverted again to determine the major axis of the oval, with

the fiducial now being part of the oval, as depicted by Figure 4-47.
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(a)

Figure 4-47 Removal of the fiducial within the oval. (a) Original (b) after fiducial removal and

binarization

4.6.3 Fiducial at the edge of the oval

When the labeling of the inverted binary image results in the presence of only one
object, then a check for the existence of any possible fiducial at the edges of the oval

projection was carried out in the following manner:

e At first, using the information about the bounding box of the distal hole oval
projection, a rectangle was cropped from the image, containing the oval
projection, to check for the presence of a fiducial at the edge of the oval, as shown

in Figure 4-48.
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Figure 4-48 (a) Lateral intraoperative X-ray image (b) cropped region.

The cropped image was then thresholded and inverted, to obtain the location and

area of the fiducials present within the cropped image.

The location of the fiducials within the cropped image was then used to

distinguish between the upper and lower fiducial within the cropped region.

Then, location of these fiducial was determined in terms of original image rather

than the cropped region.

The spacing along y-axis between the fiducials was then determined, and
compared with the y-spacing obtained from the fiducial recognition program, to
check for the possibility of number of fiducials lying between the upper and lower
fiducial. Suppose that, as in this case (Refer Figure 4-48), it was found that there
is a possibility of one fiducial lying between upper and lower fiducials. The
bounding box of the target fiducial lying between the upper and lower fiducial
was then determined in terms of the original image, by assuming that it lies

midway between the upper and lower fiducial.

The bounding box of the target fiducial was then compared with the bounding box

of the oval, to determine whether it lies at the edge of the oval or not. If it was
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found that the target fiducial lies at the edge of the oval then the following

procedure was adopted to remove the fiducial region within the oval.
e At first, in order to obtain horizontal G, and vertical G edge responses, edge
detection of the region containing the distal locking hole projection was carried

out using a Sobel operator.

e The horizontal and vertical edge responses were then used to find the absolute
magnitude of the gradient at each point and the orientation of that gradient. The

gradient magnitude is given by :

y 2 5, 2
(1_1. +(J_1-'

And angle of orientation of the edge (relative to the pixel grid) is given by:

a= Izm_l(G‘, I, )

e Now adaptive thresholding based on gradient magnitude was applied until a

closed image of the oval was obtained (i.e. without any gaps), as shown in Figure

4-49(b).

Gaps

(a)

Figure 4-49 (a) Oval with gaps along its boundary (b) Closed oval obtained using adaptive

thresholding,

e Edge co-ordinates and their respective orientation were then ranked in a counter-
clockwise direction, so that a comparison can be made between consecutive edge

co-ordinates. The starting point for the ordered edge co-ordinates is the edge co-
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ordinate with the lowest column number, as in Figure 4-50, where the edge co-

ordinate with column number 5 is the starting point.

o Starting point
(5,18}

L 10

i 15 20 25 30

Figure 4-50 Starting point for the ordered edge co-ordinates.

¢ In the presence of a fiducial, there will be a sudden change in the direction of the
gradient in close proximity rather than far apart, which is the case at upper/lower
edges of the oval as depicted by Figure 4-51. However, it can also be seen from
Figure 4-51 that sudden changes in the direction of the gradient were also found
along the oval profile at locations where the fiducial is not present, which makes it

impossible to use direction of the gradient alone to locate the fiducial.
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Figure 4-51 Use of gradient direction for detection of fiducial location at the oval edges.

Processing of several X-ray images exhibiting the scenario under investigation has
shown that for an oval which contains a fiducial at its edge, the largest orientation
difference between consecutive edge pixels usually occurs in the region containing
the fiducial due to sharp gradient transitions along the fiducial profile as shown in

Figure 4-52.
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Figure 4-52 Plot of six largest orientation transitions along the edges of the oval.

Whereas in regions along the oval profile where no fiducial is present such as at
points A, E and F of Figure 4-51, change in gradient direction is accompanied by a
very small change in orientation difference between consecutive edge pixels.
Therefore, for reliable location of the fiducial, it was decided to use gradient direction
along with orientation difference between consecutive edge pixels i.e. orientation
gradient. To accomplish this task, at first change in the gradient sign along the oval
profile is used to locate potential regions containing the fiducial. For example,
analysis of gradient direction from Figure 4-51 was made and pixels at which the
direction of the gradient has changed, were extracted to yield the expected location of

the fiducial.

Change in gradient direction 1st 2nd 3rd 4th 5th 6th
Pixel number at which gradient 3 13 16 24 40 57
direction changed
—

Table 4-6 Estimation of expected fiducial locations using direction of the gradient.

Then, orientation gradient along the oval profile was determined (shown in Figure

4-53) and sorted in descending order.
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Figure 4-53 Use of orientation gradient for detection for fiducial location at the oval edges.

Through analysis of several images it has been found that usually the first two largest

transitions in orientation between consecutive edge pixels (as shown in Table 4-7)

provide sufficient information to locate the fiducial reliably. For example, by

analysing Table 4-7 it can be verified that the fiducial lies between the 13th and 24th

edge pixel. It is also evident from Table 4-7 that the first five largest orientation

gradients lie along the fiducial profile as depicted by Figure 4-52.

1st 2nd 3rd 4th Sth 6th
Orientation transition 51.3 454 44.2 24.6 21.8 18.3
Edge co-ordinates (Pixels) 13 24 18 19 16 57

Table 4-7 First six largest orientation gradients.
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However, it is not always possible to reliably locate a fiducial at the edge of the oval
by only using the first two largest orientation gradients. Therefore, analysis of several
X-ray images was carried out and it was found out that for safety, the first six largest
orientation gradients should be used in conjunction with the change in gradient

direction for reliable fiducial location along the oval profile.

e It is possible that the starting point for the closed image lies in the region
containing the fiducial as shown in Figure 4-54, in which case it will not be
possible to locate the fiducial accurately based on the analysis of gradient
direction and orientation gradient only once. Therefore, once fiducial location was
obtained, a second pass was carried out along the oval profile from the opposite

side to verify the location of the fiducial as shown in Figure 4-54.

Starting point for 1st pass

Figure 4-54 Starting points used during two passes for locating fiducial.

e The edge co-ordinates representing the fiducial that are common in both passes
were then assigned as pixels belonging to the fiducial and were discarded from the
list of edge co-ordinates obtained for the oval profile, while using the rest of the

pixels along the profile to best fit an ellipse using least squares fitting.
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4.6.3.1 Comparison between proposed technique and Convex Hull

approach

In order to check the robustness of the proposed technique, it was tested against a
convex hull approach (i.e. the use of points lying on the convex hull to best fit an

ellipse using a least squares method) in terms of accuracy and reliability.

Convex Hull

The convex hull of a geometric object (such as a point set or a polygon) is the
smallest convex set containing that object. For a two dimensional finite set the convex
hull is a convex polygon. Figure 4-55 shows the convex hull for the set of points lying

at the edge of the oval, which has a fiducial at its edge.

Figure 4-55 Convex Hull of a set of points.

For this purpose, an ideal image of the oval (i.e. without any fiducial at its edges) was
used as datum. Then a fiducial was introduced at different locations of the oval to

simulate different possible scenarios as shown in Figure 4-56. Both a convex Hull
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approach and the proposed gradient technique were applied to these images to
determine the rotation of the nail about its long axis (#). The € value obtained for

each of the images was then compared with €,  i.e. rotation of nail about its long

ideal **

axis obtained by analysing the oval with no fiducial at its edges.

Figure 4-56 Introduction of fiducial at the edge of the oval.

Processing of several X-ray images containing a fiducial at the distal hole edges has
shown that the proposed technique has been able to locate a fiducial lying at the edge
of the oval reliably. In terms of accuracy it can be seen from Table 4-8, that while
using the proposed or convex hull technique for predicting@ for oval with fiducial at
its edges, almost similar results were obtained. A mean error of 0.05°(worst case
being 0.14°) was obtained using the proposed approach in comparison to mean error
of 0.12° (worst case being 0.24°) when using Convex Hull approach. Therefore, it

has been decided to adopt the proposed approach for this system.
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For ideal image, i.e. with no fiducial at the edge of the oval
6. =2.46°
Modified  Gradient approach Convex Hull approach
Image
6, E 6, &
1 2.3 0.11 2.2 0.24
2 2.47 0.01 2.91 0.05
3 2.32 0.14 2.35 0.11
4 2.46 0 242 0.04
) 2.41 0.05 237 0.09
6 2.44 0.02 242 0.04
7 2.5 0.04 2.61 0.15
8 26 0.14 2.7 0.24
9 2.4 0.06 2.37 0.09
10 252 0.06 2.64 0.18
where,
0,.0, = Rotation of the nail about its long axis '0" obtained using
gradient and convex hull approach respectively,
E, E. = Error in determing 0 using gradient and convex hull
approach respectively.

Table 4-8 Comparison between proposed and Convex Hull approach.

4.7 GUI Development

The Graphical User Interface (GUI) for the distal locking procedure, shown in Figure
4-57, has been developed in the Matlab environment. The GUI has been developed by
keeping in mind that computer assisted system have only been introduced in the
recent past, therefore most surgeons have had very little interaction with computers.
Hence, simplicity of the GUI is of paramount importance for the benefit of current

orthopaedic surgeons. The steps involved in GUI operation are as follows:
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e At first, the user is asked to provide the patient’s name and National Health

Service (NHS) number.

e The user is then asked to enter the nail specifications i.e. diameter of the

intramedullary nail and the diameter of the distal locking holes.
e The user is then asked to enter the type of calibration frame that is being used.

e Then user is asked to select either an AP or Lateral view X-ray image from the
stored X-ray images. Once the user has selected an image, he/she is given another

chance to proceed with the selected image or to select a new image.

e The system then determines whether it is an AP or Lateral view image. The
system then processes the image. Once the processing of the image has been
performed, the user is again asked whether he/she wishes to continue or select the

image again.

e Once the user is satisfied with the analysis of the first selected image, he/she is
asked to select an AP/Lateral view image, depending upon which image was
processed first. Again the user is presented with an option, whether to proceed
with the selected image or to select a new image. Once the user is satisfied with

the selected image, processing of the second image is performed.

e Once the analysis is complete, the system writes the trajectory data and the two X-
ray images (i.e. Lateral and AP) to a unique directory. The name of this directory

is based on the patient’s name and NHS number provided by the user.

e During the entire process, a status window shown in Figure 4-57 is used to

interact with the user.
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Figure 4-57 GUI for distal locking procedure.

[t should be noted that the developed GUI program is reliable as it does not allow the
user to input incorrect data for trajectory calculation. For example, if the user acquires
a Lateral X-ray image first and then tries to acquire another Lateral X-ray image as
second image, the system will inform the user that an AP X-ray image is required

instead of a Lateral X-ray image.
4.7.1 Software flowchart of GUI

In this section, the steps involved during image analysis are shown in the form of a
flowchart as depicted by Figure 4-58. More details about individual programs used

during “GULm” can be found in APPENDIX E.
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Figure 4-58 Matlab Software flowchart.

For intraoperative applications, it is necessary to acquire X-ray images and process
them simultaneously. However, unfortunately due to a limitation of the frame grabber
used in this research, it was not possible to acquire live images and process them in
the Matlab environment. Therefore, software has been designed using Visual Basic
(VB) to acquire X-ray images intraoperatively, followed by their processing in the
Matlab environment. The Flowchart depicted in Figure 4-59 shows the step-wise

process when using Visual Basic and Matlab to perform intraoperative trajectory

calculation.
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Figure 4-59 Intraoperative trajectory analysis using VB and Matlab interface.

4.8 Determination of nail specifications from the

intraoperative X-ray image

Initially, in order to implement a look-up table (LUT) for trajectory analysis, the user
was asked to enter the nail specifications i.e. nail diameter and distal locking hole
diameter. However, in order to make the existing system more robust and user
independent, the intraoperative Lateral X-ray image was used to estimate the nail

specifications in the following manner:

e Firstly the fiducial spacing (in pixels) on the Lateral XRII and Source plate was
determined. Although the fiducial on the Source plate has a spacing of 9mm in
comparison to that of 10mm on the XRII plate, the fiducial spacing (in pixels) for

the two plates, always appear very close to each other (for example, say 55 and




-
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55.3 for Source and XRII plate respectively). This is because the XRII and Source
plates are S0mm apart, with the Source plate being nearer to the X-ray source.

Therefore, it experiences more magnification than the XRII plate.

e The diameter of the nail was determined (in pixels) from the Lateral X-ray image.
In order to determine the diameter of the nail in mm, there is a need to quantify
the nail magnification (i.e. pixels/mm ratio) at the place where the nail is lying
with respect to X-ray source). This was achieved by using the known spacing
(mm) between the two distal locking holes. By analysing nail specifications
provided by different manufacturers, it has been found that the spacing between
the two distal holes (i.e. centre to centre) is always either 25mm or 30mm.
Therefore, at first, spacing between the centres of the two distal holes was
determined in terms of pixels. Then using that pixel spacing pixel/mm ratios were
determined for both 25mm and 30mm spacing respectively. These pixel/mm ratios
are compared with pixel/mm ratio obtained independently for the Lateral source
plate. Since, as the distance of the object from X-ray source increases, pixel/mm
ratio decreases, therefore pixel/mm ratio will always be higher at the Lateral

source plate in comparison to that obtained from distal hole spacing, because the

Lateral source calibration plate lies closer to X-ray source in comparison to the
intramedullary nail. Therefore, pixel/mm ratio that satisfies this condition was
chosen to quantify the nail magnification. This pixel/mm ration was used in
conjunction with a known nail diameter (pixels) to determine the nail diameter

(mm).

It has been found that determination of the distal hole diameter by analysing the distal
hole projection is not reliable due to the different possible orientations of the nail.
Therefore, once the diameter of the nail was determined, it was used in conjunction
with different nail specifications provided by the nail manufacturer, to present the
user with all possible nail specifications for that particular nail diameter. It should be
noted that most of the time the diameter of the distal locking hole is kept uniform for

a variable nail diameter, for example, a distal hole diameter of 5.3mm for

10mm,11.5mm and 13mm intramedullary nails manufactured by Smith and Nephew

[131].
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4.9 Summary

Keeping in mind that robustness, reliability, and repeatability are of paramount
importance when introducing any new technology into the operating theatre, all the
steps involved during image analysis are fully automated, and hence the machine
vision system is user independent. A potential problem with the proposed system is
the appearance of one or more of the opaque markers within or on the edge the oval
shaped distal hole projection. An automatic technique has been implemented which
removes the effect of such fiducials in computing the area of the oval and the angle
between the major axis of the oval and the nail axis; both of these measurements are
necessary for derivation of the drilling trajectory. This technique therefore eliminates
the need for repositioning the calibration frame or using a smaller number of opaque
markers. In the next chapter, CAD modelling of the nail, which is used in conjunction

with machine vision system to compute the drilling trajectory, is described in detail.
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5 Modelling of intramedullary nails

In order to determine the rotation @ of the nail about its own axis, a model-based
approach using look-up tables (LUTs) was employed. These LUTs were obtained
using off-line CAD modelling of the intramedullary nail. This method allowed
accurate modelling of any shape of intramedullary nail. LUT is a sampled model of
the relationship between (@, ¢ ) and the shape properties of the oval shaped projection
of the distal locking hole (clear aperture of overlap of the distal locking hole) as

shown in Figure 5-1.
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L4
¢ = angle between nail axis & x-ray imaging axis,
@ = rotation of the nail about its long axis,

dA,, = dimensionless area (@ ¢=m & 6=n,

A,,, = angle between major axis of the oval and

the long axis of the nail @ ¢=m & O=n.

Figure 5-1 Look-up table format.
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In order to build the LUTs the following steps were required:

» Construction of the distal end of the intramedullary nail according to the geometry

data provided by manufacturers.

e Simulation for different nail orientations i.e. rotation @ of the nail about its own

axis and rotation ¢ of the nail about the X-ray imaging axis.

e For each unique orientation of the nail, the oval shaped projection of the distal
locking hole was analysed to determine measurements such as area, perimeter,
major-axis length, and roundness. These measurements were then stored in the

database to build the LUTs.

e The LUTs were then imported into the Matlab programme, and used in
conjunction with image analysis to determine the drilling trajectory of the distal

locking holes.
5.1 Selection of the CAD Package

The requirement is to create an intramedullary nail computer model with user defined
inputs, then reposition the nail at different orientations and to store characteristic
measurements, such as area, in a file to generate the LUTs. Since mathematical
modelling can be time consuming and complex, another alternative is to model the
intramedullary nail using its geometric properties in a CAD package using its
scripting language. Several CAD packages offer scripting capabilities which can be

used for this type of automated modelling.

Programming languages available for scripting in different CAD packages are shown

below:

e AutoCAD, Mechanical Desktop : ObjectARX, AutoLISP, Visual BASIC for
Applications

e Mcneel Rhinoceros : Rhino Script, Visual Basic, Microsoft Foundation Class
(MFC), C++.
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e Unigraphics (UG), Pro/Engineer (Pro/E), CATIA : C, C++, MFC, OpenGL,
JAVA.

The learning curve for most CAD/CAM programming languages is high. Rhino 3D
with Rhino Script and other CAD platform were tried but the Mechanical Desktop
CAD platform with a programming language known as AutoLISP was preferred, as
this option proved to be quicker due to the author’s previous experience with the CAD

package.

5.2 Tools used for Modelling

Modelling of the intramedullary nail to generate the LUT was carried out in
AutoCAD Mechanical Desktop using its solid modelling capabilities. The
programming language used for this purpose is known as AutoLISP, which is a
versatile and flexible automated CAD language. These tools are described in

following sub-sections:

5.2.1 AutoCAD

AutoCAD is a set of CAD software products for 2D and 3D design and drafting from
Autodesk. It includes a full set of basic solid modelling and 3D tools. Like other CAD
programs, AutoCAD is fundamentally a vector graphics drawing program. It uses
primitive entities such as lines, polylines, circles, arcs, and text as the foundation for
more complex objects. AutoCAD supports a number of application programming
interfaces (APIs) for customization and automation, such as AutoLISP, Visual LISP,

NET etc.

5.2.2 Autodesk Mechanical Desktop

Autodesk has also developed overlay programs, called Desktops, for field specific
enhancements. Such as AutoCAD Mechanical Desktop, AutoCAD Architectural
Desktop and AutoCAD Electrical are examples of industry-specific CAD applications
built on the AutoCAD kernel. Mechanical Desktop ® helps to create 3D designs in
AutoCAD ® software by uniting 3D solid modelling with freeform surface and

2D/3D wireframe.
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5.2.3 AutoLISP

AutoLISP is a scripting language for AutoCAD. The first version of AutoLISP was
developed in 1986 and was developed directly from the LISP programming language
(an interpreter) embedded within AutoCAD. It allows customization of AutoCAD
into a more useful tool for a particular application. Aside from the core language,
most of the primitive functions are for geometry or the manipulation of graphical
entities in AutoCAD, as most AutoCAD commands can be called as AutoLISP
functions. The properties of these graphical entities are revealed to AutoLISP as
lookup tables in which AutoCAD "group codes" are paired with values that indicate
properties such as points, radii, colours, layers, line types, etc. Since AutoLISP is an
interpreter, it can be debugged by typing a line of the program and inspecting the
results for that code. Other derivatives of AutoCAD like Mechanical Desktop.
Autodesk Architectural Desktop and Autodesk Map 3D also uses AutoLisp. Other
CAD packages that use AutoLisp are FelixCAD, InteliCAD, BricsCAD.

5.3 Construction of an Intramedullary nail model

The first step during modelling was to create a model of the distal end of the nail
conventionally in AutoCAD Mechanical Desktop; this was accomplished in the

following manner:

e Based on the actual intramedullary nail specifications, two cylinders were created

? ?

with the nail diameter ‘D’ and the distal hole diameter *d” respectively. It was

assumed that the hole is in the middle of the nail.

e The rotation¢g, was created by rotating the nail about the hole axis (which is

initially parallel to the X-ray imaging axis). A rotation ¢ of the nail about its own

axis was applied to the cylinder, as shown in Figure 5-2.
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Figure 5-2 Modelling of the nail using AutoCAD Mechanical Desktop.

The projection of both hole edges was then created on a plane for the given

orientation of the nail. Trimming was done to obtain a projection of the hole, and
then area and the major axis of the projected oval were calculated. Here it should
be noted that this “oval™ does not really exists. It is the result of a particular angle

of view of two overlapping holes.
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The next stage was to automate these steps using AutoLISP to generate the LUTs.

This was achieved by employing the following procedure:

o First the user was asked to input nail dimensions i.e. nail diameter D and distal

hole diameter d.

e The two variables D and d were then used to create two cylinders i.e. Cylinder]

(representing the nail) and Cylinder2 (representing the distal locking hole).

e Cylinder 2 was then subtracted from Cylinder 1 to simulate the distal region of an
intramedullary nail as shown in Figure 5-3. The Cylinder2 entity was then deleted

and a new entity was created in Mechanical Desktop representing the distal end of

the nail.

Assombly Drawng Anctate ContentD Widow Halp

W H Sw | O%B00 T ABErzZasHdsiE A €909

Madel | Scene | Drawing
—— L )
3 BoRA

WING|
P_an

PR s NRCV N )

Conmand -~
Command ' sadt_toggle_shadwiret

Command < >

Target: DRAWING) '5963. 27:10.0.00 SNAP' GRID' ORTHO!IPOLAR OSNAP IGTRACK LWT! [MDDEL b

Figure 5-3 Front view of distal end of the intramedullary nail.

e Initially ¢ was set to zero, representing the scenario in which the nail axis is
perpendicular to the X-ray imaging axis. A Universal co-ordinate system (UCS)
was moved from the World co-ordinate System (WCS) to the intersection of nail

and distal hole axes.




Modelling of intramedullary nails 167

For a given orientation ¢ , rotation of the nail about its own axis was initially set at

zero (1.e.d=0).

A plane A was created by moving the UCS along the Z-axis which represents the
distal hole axis. This plane is parallel to WCS’s XY-Plane. Then a projection of
the hole edges was created onto the plane A. After projecting the curves onto the
plane for specified rotations of the nail (i.e.@ and ¢ ) the curves were trimmed, as

shown in Figure 5-4. to obtain the distal locking hole overlap projection.

Figure 5-4 Shaded region representing projection of distal locking hole.

This oval shaped overlap projection obtained using trimming was then analysed to
extract different features such as area, perimeter, major-axis length, roundness and

angle A between major-axis of the oval and the nail axis.

The results were then output into a Comma Separated File (CSV), which is in fact

the LUT.

The previous nail projection from the plane A” was then deleted and UCS was
changed back to the intersection of nail and distal hole axes. The value & was
then incremented at 0.5°intervals for a specified value of g, such as for ¢ =0 as

shown in Figure 5-5.
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Figure 5-5 Rotation of the nail about its own axis at fi= (0,

The nail was rotated about its own axis in both directions, until the hole projection

becomes very small, as depicted by Figure 5-6. At this stage value of ¢ was

incremented by 0.5°and @ was again set at 0°.
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Figure 5-6 Small hole projection resulting in termination of angle "@" increment.

¢ The value of ¢ is incremented by 0.5°until a specified value of ¢ (typically15°)

1s reached.

e The CSV file i.e. LUT, was then saved in the directory based on the nail

specifications.

Modelling of the intramedullary nail is summarized in the form of a flow chart, as

depicted by Figure 5-7:
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Figure 5-7 Flowchart of intramedullary nailing procedure.

5.4 Construction of delta nail

The main causes of failure or complication during closed intramedullary nailing are
inappropriate entry point and inadequate nail size. These are especially important
problems in the patient whose femoral canal diameter is very small (around 8mm or

9mm), such as such as adolescent patients and patients with congenital problems. In

order to minimize the risk of insertion-related complications in the treatment of such
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patients, nails with an anterior band of around 4°in the distal portion of the nail

(shown in Figure 5-8) have been introduced [22].

4°Anterior bend

Figure 5-8 Distal end of the Delta nail

These nails are commonly known as Delta nails, and usually have diameter of 10mm
and 1lmm. However, proximal portion of the Delta nail (about 7cm from the
proximal end) is thick (diameter 13mm) to gain enough strength for holding the
insertion device and fixation of the interlocking screws [132]. According to T.
Cannale in [22], the combination of strength and smaller size offered by delta nail has
special advantages in the treatment of patients with smaller femoral canals, such as

adolescent patients and patients with congenital problems.

In order to evaluate whether delta nails can be modelled as cylindrical nails or not,
modelling of the delta and cylindrical nails of the same nail and distal hole diameter
specification was performed. In order to determine the full extent of the difference
between a cylindrical and delta nail, modelling of the delta nail was done from the

smallest diameter nail (10mm) to the largest (13mm) used for IMN, at different

orientations of the nail i.e. combinations of @ and ¢.
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A delta shaped intramedullary nail having an outer diameter of 10 mm and an inner
diameter of 9.5 mm (i.e. diameter at the delta edges), as depicted by Figure 5-9, with a

distal hole diameter of 5.2 mm was modelled as follows:

Figure 5-9 Delta nail model.

e At first, a cylinder of 10mm diameter was created to simulate the nail, and then
another cylinder of 5.2mm was created to simulate the distal hole as shown in

Figure 5-10.
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Figure 5-10 Creation of two cylinders to represent distal end of the nail.

e Now in order to create the delta shape, a rectangular box was created, based on the
measurements made on the actual delta nail. The box was then rotated by 30°, as
flat surfaces on the delta nail are at 120°to each other. A polar array of the

rectangular box was then performed as shown in Figure 5-11.
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Figure 5-11 Polar array of rectangular box to obtain delta shape.
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e All three rectangular boxes and cylinder representing the hole were then
subtracted from the cylinder representing the nail. This results in the creation of a
new entity in Mechanical Desktop which represents the delta nail as shown in

Figure 5-12 and Figure 5-13.
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Figure 5-12 Right view of the delta nail.
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Figure 5-13 Front Isometric view of distal end of delta nail.
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Once modelling of the delta nail has been performed, a cylindrical nail of the same

specifications i.e. nail diameter of 10mm and hole diameter of 5.2mm was modelled

as described in Section 4.2. A comparison was then made between the (/1) values

obtained at different rotations of the nail (i.e.d and¢) for both cylindrical and delta

nail respectively. The following results were obtained:
For this analysis, following abbreviations are used:

D = Diameter of the nail,

d = Diameter of the distal locking hole,

) = Rotation of the nail about its own axis,

A= Angle between the major axis of the oval and the nail axis,
Difference = (Apu, — Acytindvicar )

¢ = fi = Angle between the nail axis and the ideal nail axis
where,

ideal nail axis = nail axis perpendicular to X-ray imaging axis.

9 Cylindrical ﬂ' Delta //i'D ifference
0 o0 30 g
1 768.76 78.74 -0.02
2 b8.34 68.32 -0.02
3 59.25 59.24 001
4 51.6 51.63 0.03
5 45.32 45.33 0.01
B 40.2 | 40.24 0.04
7 35.98 36.01 0.03
) 25 | 3249 0.01
9 29.61 _ 2969 0.08
10 27.18 ‘ 27 .24 0.06
11 25.]:2 25.16 0.04
12 23.35 ' 23.41 0.06
13 2183 | 21.92 0.09
14 20.51 20.59 0.08
15 19.35 19.41 0.06

where, ’lngﬁ»reme r (/]'(',Limcb'fm[ = Apatra)

*All dimensions are in Degrees.

Figure 5-14 Comparison between small diameter Delta and cylindrical nail at ¢ = 5°.
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8 Ovlindrical Z’D@ha ﬂDQ‘fwwm{:L‘
0 90 90 0
1 84.43 84.41 -0.02
2 78.97 78.93 -0.04
3 73.72 37 -0.02
4 68.76 68.73 -0.03
5 64.12 64.17 0.05
) 59.86 59.87 0.01
4 55.95 55.97 0.02
8 52.41 52.51 0.1
) 49.2 48.32 0.12
10 46.31 46.39 0.08
11 43.7 43.74 0.04
12 41.36 41.39 0.03
13 39.24 39.32 0.08
14 37.34 37.37 0.03
15 356 35.64 0.04

H/hef'e, /‘l’[)ifﬁ?mnw > (/1( Viindrical . j’/}w'fzf )

*All dimensions are in Degrees.

Figure 5-15 Comparison between small diameter Delta and cylindrical nail at ¢ =10°.

6 Cvlindrical A/)el!u ﬂ'D:f{ﬁ’i'cnc‘e
0 S0 90 a
1 86.4 86.34 -0.03
2 8283 82.77 -0.06
3 79.33 79.26 -0.04
4 75.91 75.94 0.03
5 7262 72.68 0.01
B B9 45 B9.55 0.02
7 B6.43 B6.57 0.03
g £3.58 63.64 0.02
9 _ B0.68 61.12 0.08
10 58.34 58.54 0.06
11 5597 56.19 0.06
12 | 53.75 54.04 0.1
13 51.68 51.88 0.06
14 4976 50.04 01
15 A7 97 48.16 0.07

Whgi"e, ZDiﬁerena’ = (/?'(',l'!indrimi - /ll,)plm )

*All dimensions arein Degrees.

Figure 5-16 Comparison between small diameter Delta and cylindrical nail at ¢ = 15°.
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It can be seen from Figure 5-14 to Figure 5-16 that for a small diameter nail over a
range of rotation ¢ for the first few increments of@, the difference in the value of
measurement i.e. "A" obtained from modelling of the delta and cylindrical nails was
negligible. While, for higher values of @ (say greater than 6°) the difference in A for
the delta and cylindrical nails changes slightly. Similar results were obtained when a
large delta shaped intramedullary nail having an outer nail diameter of 13 mm and a
distal hole diameter of 6.7 mm was modelled and compared with a cylindrical nail of
the same specifications, as depicted by Figure 5-17 and Figure 5-18. The maximum
difference in A obtained for the delta and cylindrical nails respectively at the same
nail orientation was 0.15° (Refer Figure 5-18). This difference inA will in turn
causes an error of 0.04°in calculating the @, while using A as an input parameter
from the machine vision system into the LUT. For simplicity purposes it was

therefore decided to model the delta nail as cylindrical nail.

9 Cylindrical llDel'fa lD’ﬂé"ence
0 90 g0 ]
1 78.76 78.74 -0.02
2 68.34 68.34 0
3 59.24 59.28 0.04
4 51.6 51.62 0.02
] #4532 A45:32 0
5] 40.19 40.2 0.01
7 35.98 3589 0.01
8 325 32.56 0.06
) 2961 2966 0.05
10 27.18 2231 0.13
il 25,12 _ 2523 0.11
g 2335 23.49 D.14
13 21.83 2198 013
14 20.51 20,62 0.1
15 18:35 19.41 0.06

Whef'e, /?"Dg[/érence = (l(')'h'ndnca! B j'!)elm)

*All dimensions are in Degrees.

Figure 5-17 Comparison between large diameter delta and cylindrical nail at ¢ = 5°.
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6 Cylindrical lDL’[[ a Difference
a 80 g0 O
1 86.41 66.41 0
2 82.83 82.81 -0.02
3 73.33 79.34 0.01
4 591 75.92 0.01
5 72.62 72.65 0.03
6 63.45 69.47 0.02
Fi B66.43 66.43 1]
8 b63.58 b63.6 0.02
g 60.88 60.98 0.1
10 58.34 58,35 0.04
11 5597 56.03 0.06
12 53.75 53.9 0.15
13 51.68 51.8 0.12
14 49.76 4391 0.15
15 47.97 48.01 0.04

11’/”(3}'(3, j‘[,JJ_[]}f:rw'rcf - (/?‘(j\'!:rrcii'rc‘(Ji - /1/)1:."1(:)

*All dimensions are in Degrees.

Figure 5-18 Comparison between large diameter delta and cylindrical nail at¢ =15°.,

5.5 Selection of characteristic measurements

Due to the unconstrained nature of imaging geometry, in order to match the
measurements from image analysis and the CAD model, the characteristic
measurements must be scale invariant (i.e. constant and unaffected by transformation

of coordinates, such as, in this case, from pixels to millimetres).

In order to identify characteristic measurements, i.e. measurements that can be used
reliably to predict the rotation of the nail about its own axis, the distal hole projection
was analysed to extract measurements such as dimensionless area, dimensionless
perimeter, dimensionless major-axis length, roundness R and the angle 1. The reason
for using A is that during rotation of the nail, the nail axis remains constant while the
major axis of the oval changes significantly, except when the nail axis is
perpendicular to the X-ray imaging axis (¢ =90). Dimensionless area was obtained
by dividing area of the oval by the square of nail’s diameter, whereas dimensionless

perimeter and dimensionless major-axis length were obtained by dividing perimeter
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and major-axis length by the nail’s diameter respectively. It should be noted that

roundness is given by:

R= PZJZ‘A

where,

R = Roundness,
P = Perimeter,
A= Area

The response of all these measurements to changes in the angular orientation of the
nail was then determined using the CAD model of the nail. The data obtained from
the CAD model was then plotted to produce the measurements versus angular rotation
of the nail graphs as shown in Figure 5-19. It should be noted that these measurement
were obtained when the nail axis was perpendicular to the X-ray imaging axis

(¢ =90), therefore the major axis of the oval always remained parallel to the nail axis

(A=0).

8 .

g

Normalized Dimensionless area
B8 &

o

8 -

Dimensionless Perimeter
2 5

o B

Figure 5-19 Graphical comparisons of different oval measurements with angular rotation "@" of

the nail.
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It can be seen from Figure 5-19, that both dimensionless areca and dimensionless
perimeter show almost linear behaviour for the entire range of possible angular
rotations of the nail. However, roundness and dimensionless major axis length do not
change much for initial rotations of the nail, and therefore were deemed not suitable
to be used as characteristic measurements. In the light of previous research by
Browbank [78] and results from CAD modelling of intramedullary nails, it was
decided to analyse the distal hole projection using dimensionless area and angle A as

characteristic measurements.

5.6 Building of Look-up tables

The LUT consisting of characteristic measurements of dimensionless area and A,
obtained from the modelling of the nail in Mechanical Desktop were then imported

into Matlab in the manner depicted by Figure 5-1.

The angles 4 and ¢ obtained from X-ray image analysis and the LUT obtained from

modelling of the nail were entered as input into the software. Software was designed

in such a way that when the value of ¢ obtained from X-ray image analysis did not
match with the value ¢ of the LUT then interpolation was carried out to
determine A and the corresponding @ for entered value of ¢ . Then for this particular
value of ¢, angle A obtained from X-ray image analysis was searched within the LUT

to predict rotation of the nail about its own axis i.e. &.

5.7 Accuracy evaluation of nail modelling

In order to evaluate the accuracy of the nail model, in the laboratory a specially
designed test rig was used to physically simulate different nail orientations using

combinations of angles ¢ and &. Using the test-rig the nail was rotated by a known

angle @ (so that @ values obtained by using the nail model in conjunction with the X-

ray image analysis can be compared against a true value of @).
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5.7.1 Determination of nail rotation angle ¢

At first, X-ray mages of the nail with the calibration frame in position were taken in
both Lateral and AP views. X-ray images were then processed using the Matlab
Image Processing Toolbox to obtain characteristic features (dimensionless area of the
oval, angle A and angle ¢ ). These measurements were then used as an input into the
LUT obtained from the nail model developed in Mechanical Desktop to predictd.

Two methods were used to predict@. These were:

5.7.1.1 Area method

In this method, for a given value of ¢ the dimensionless area of the oval extracted
from X-ray image analysis was compared with the dimensionless area of the oval
projection obtained from the nail model to predict&. The major disadvantage of this
area method is that it was not possible to distinguish in which direction the nail has
been rotated, as a similar value of area was obtained for both positive and negative

rotations of the nail.

5.7.1.2 Major angle method

In this method, for a given value of ¢, the value of the angle A obtained from X-ray

image analysis was compared with A obtained from the nail model to estimate
rotation of the nail about its own axis. Using this method also enabled determination
of the direction in which the nail is rotated. However, it can not be used when the nail

axis is perpendicular to the X-ray imaging axis (¢ =90°), as in this case the major

axis of the oval always remains parallel to the nail axis for all possible rotations 8 of

the nail.
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Figure 5-20 Matching between X-ray image and CAD Model.

5.7.1.3 Major angle v/s area method

Analysis has showed that the Major angle method was more accurate than the area
method, as using this method rotation & of the nail was predicted with a mean
accuracy of 0.22° (worst case being 0.49°) as shown in Figure 5-21. It can be seen
from Figure 5-20 that the edges of the oval in the X-ray image are not as sharp as in
the model, the reason being that in digital images edges are represented by finite

transition from dark background to object rather than sharp transitions. It can also be

seen that the major axis of the oval in both the X-ray image and the CAD model is
almost identical. Therefore, the major angle method proved to be more accurate than

the area method.

Rotation Angle
Predicted Rotation Increment
angle by CAD Model in X-ray Image Ermror
Rotation Angle Accuracy Comparison
a9t 091 7
6
Predcied rotation
7 a1 017 e
a - 5 ange by CAD
489 491 002 y Mode!
3 —a— Rotation angle in
74 691 0.49 2 Xfay image
1
13 1091 0.39 0
13,88 1391 0.03
16.68 16.91 -0.23

Figure 5-21 Rotation angle accuracy obtained using the Major angle method.
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Using the area method a mean accuracy of 0.75° (worst case beingl.1°) was

achieved as depicted by Figure 5-22.

Predidled  Rolatio Rotation Angle Accuracy Comparison
rotation n angle
angle by in X-
CAD ray 7
Model image Error 6
—e+— Predicted
b rotation angle by
0.5 0.5 4 CAD Model
2.4 35 A4 3 —=— Rotation angle in
X-ray ima
55 65 e 2 codan
88 95 07 1
1.7 125 -0.8 ¢
0 5 10 15 20
16 15.5 0.5 i
Rotation angle
18.8 18.5 0.3

Figure 5-22 Rotation angle accuracy obtained using the Area method.

Therefore, in order to achieve better accuracy, it was decided to use the Major angle
method for predicting € to obtain optimum results from modelling of the nail.
However, the area method can be used when the nail axis is perpendicular to the X-
ray imaging axis. If possible this scenario should be avoided by creating an angle
between the nail axis and the X-ray imaging axis, so that the Major angle method can
be used to obtain better accuracy. From the analysis of the data obtained this angle of

¢ should be around 10° to achieve optimum results.

5.8 Summary

The novel method of off-line modelling of the nail to generate LUTs allows
modelling of any shape of intramedullary nail (such as deita nails) accurately;
therefore nails from different manufacturers can be modelled. Furthermore, this
method reduces the length of time for the computation of the drilling trajectory and
thus has the potential for reducing the overall time required for the surgical procedure.
The major angle method proved to be more reliable in predicting € in comparison to
the area method. It should be noted that there are two types of intramedullary nails,

slotted and solid nails. Slotted nails may have large insertion related deformation due

to their relatively low stiffness compared to solid nails. The solid nails have virtually
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negligible local deformation at the distal holes to affect the circularity of the holes.
This work relates to solid intramedullary nails. In the following chapter, robustness of

the machine vision system was evaluated.
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6 Accuracy evaluation of the machine

vision system

The use of a Co-ordinate Measuring Machine (CMM) was considered for accuracy
evaluation of the machine vision system, however, it was found to be nearly
impossible to transport the intramedullary nail and the calibration frame to the CMM
machine while keeping the same spatial relationship as used while taking
intraoperative x-rays for each set of measurement. Therefore, it was decided to use
optical co-ordinate measurement by using theodolites for accuracy evaluation of the

machine vision system.
6.1 Theodolite

The theodolite is a surveying instrument which is generally used in civil engineering.

It consists of a small telescope mounted so as to move on two graduated circles, one

horizontal and the other vertical, while its transverse axes pass through the centres of

the circles as shown in Figure 6-1. The optical axis of the telescope, called the sight

axis and defined by the optical centre of the objective and the centre of the cross-hairs

in its focal plane, must similarly be perpendicular to the horizontal axis.
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Objective
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axig _
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circle

Figure 6-1 Internal Construction of theodolite.

6.1.1 The triangulation technique

Triangulation is a technique used in surveying to measure distances by using the
properties of a triangle. It uses two theodolites, with one being used as the master

theodolite while the other provides the radial information as shown in Figure 6-2.
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Target Point

: v
Origin of theodolite ﬂ a
co-ordinate system

FA %

a
X

Master theodolite (A) Base theodolite (B)

Figure 6-2 Application of triangulation technique.

Given that the distance between the two theodolites is known the 3-D position of the
target point was determined with respect to the co-ordinate system of the master

theodolite as described in APPENDIX F.

6.2 Accuracy evaluation of machine vision system using

[ calibration frame

In order to cover the wide range of possible nail orientations likely to be encountered
during the surgical procedure, a specially designed test rig, shown in Figure 6-3, was
used in laboratory trials to simulate different rotations & of the nail about its own axis.
This was carried out with the nail at different orientations ¢ with respect to the X-ray
imaging axis. In order to obtain optimal lighting conditions while taking theodolite

measurements, an incandescent lamp was used in the vicinity of the calibration frame.
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Figure 6-3 Experimental set up in the vicinity of calibration frame.

For theodolite measurement, two Sokisha DT5 theodolites, with single frame

attachment, were used as shown in Figure 6-4.

- Loughborough |
University

Figure 6-4 Sokisha DTS Theodolite.
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in order to obtain the best possible accuracy, a minimum distance between theodolites
and calibration frame was obtained using the following measurements, while the C-

arm unit was in position to acquire a Lateral view image:

Distance between calibration frame and control panel of C-arm unit to achieve a

typical Lateral view image=1.4m
Space required for manoeuvring C-arm via control panel = 0.5m

In the light of the above measurements the theodolites were placed at a distance of 2

metres from the calibration frame.

For theodolite measurement, determining the sample size (i.e. number of readings that
should be taken for each measurement) is very important because samples that are too

large can waste time and resources, while samples that are too small may lead to

inaccurate results. Therefore, prior to laboratory trials sample size was determined

using the following equation.

E=2.

4 (E 6-1)
uation 6-
{**N q
In Equation 6-1, 'E' is the margin of error (i.e. the maximum difference between the

observed sample mean and the true value of the population mean), ~A + 1s known as

the critical value, the positive 'z' value that is at the vertical boundary for the area of

:% + in the right tail of the standard normal distribution, 'c” is the population standard

deviation and 'N' is the sample size . It was assumed that the data is normally

distributed.
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Figure 6-5 Standard normal distribution graph.
Equation 6-1 can be rearranged to determine sample size, which is necessary to

produce results accurate to a specified confidence level, the mean value uto
within'+ E'.

2

N = ‘0 |
- E (Equation 6-2)

A confidence level of 95% which corresponds to a probability (p) value of 0.05 is

used. Each of the shaded regions in Figure 6-5 has an area of% =0.025. The region

to the left of '*o/" and to the right of z=0 is 0.5 —0.025, or 0.475. From the table
of the Standard Normal (z) Distribution, an area of 0.475 corresponds to a value of
1.96. The critical value :% is therefore equal to 1.96. Theodolites used in this study

have a resolution of 0.0122 mm/m, whereas encoder resolution of theodolites used in
this study is 0.0025 mm/sec at 1 metre target distance . Since during laboratory trials
theodolites were placed at a distance of 2 m from the calibration frame as described
earlier. Therefore, resolution of theodolites is 0.0244 mm during laboratory trials.

However, in order to allow for human error the margin of error was kept at 0.05mm.

In order to determine the standard deviation five readings were taken for a single
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measurement (i.e. centre of a cross hair was measured, each time once a measurement
is obtained, theodolites were turned away and then centred back again onto the centre

of a cross hair) as shown in Table 6-1.

Reading x (mm) y (mm)
657.93 493.13
657.89 493.19
657.95 493.21
657.9 493.14
657.93 493.21

b wN =

Mean 657.92 493.18

Table 6-1 Theodolite readings to determine sample standard deviation,

Using the above data, standard deviations of o =0.025 and o,k =0.039 were

obtained for the x and y co-ordinates respectively. Now the sample size was

calculated as follows:

[1.96x0.0257

N = =0.99
L 005
and
p- ( _2
N, = 1.96x0.039 O
’ L 0.05 i

The above calculations yield that a sample size of 2 should be used during theodolite
measurement; however, to be on the safe side it was decided to take 3 readings for

each theodolite measurement as it would take only about 5 minutes of additional time.

6.2.1 Determination of drilling trajectory using theodolites

In order to determine the true drilling trajectory of the distal locking hole, the

following measurements must be obtained using theodolites:

At first, there is a need to define the co-ordinate system of the calibration frame. The

specified origin of the calibration frame does not lie on the surface of the Lateral XRII
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plate (i.e. XY plane), because the centre of the ball bearing does not coincide with that

plane as shown in Figure 6-6.

CO
Z

C00, represents the specified origin of

calibration frame on XY Plane.

Lateral XRII plate /

Figure 6-6 Positioning of specified origin of calibration frame.

Therefore, the points (Ry.Ry,R,, Ry &R, )on the surface of the Lateral XRII

calibration plates were measured with respect to the theodolite frame of reference as
shown in Figure 6-7. Here it should be noted that on the surface of the XRII plate

different cross hairs were drawn and centre of these cross hairs represented points

RO:R4 respectively
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R4

w Lateral XRII
calibration plate

RO

C00, represents the specified origin of the calibration frame in the XY Plane.

Figure 6-7 Theodolite measurements on the calibration frame.

Once all the above mentioned measurements were made using two theodolites, the
calibration frame co-ordinate system can be defined with respect to the theodolite

frame of reference (i.e. the homogenous transform 7, where ‘CF’ and ‘TH’ refer to

calibration frame and theodolite respectively) as shown in Section 6.2.1.1.

During laboratory trials, a simulation of the distal locking procedure was performed
using a cylindrical nail of 14mm diameter containing two distal holes of 7mm

diameter. In order to define the true trajectory of the distal locking hole, a test piece

comprising a solid cylinder of 77 mm diameter with an integral concentric disc of

50mm diameter at one end (as shown in Figure 6-8) was fitted into one of the nail

holes.
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Figure 6-8 Solid cylinder with circular dise.

When inserted into the distal locking hole, as depicted by Figure 6-9, the solid
cylinder fits the hole precisely, thus the axis of the solid cylinder represents the true
drilling trajectory. The test piece was made of mild steel to reduce wear on the shaft

due to multiple insertions.

Cylinder — ]//

VI T T I TLTATN VEBTITE T T

= Z /777:/77777777777

. = A’
Disc Section AA’

Figure 6-9 Insertion of solid cylinder into the distal locking hole.

In order to obtain the best possible accuracy, a computer assisted Ferranti Merlin 750
precision CMM, shown in Figure 6-10, was used to take measurements on the test

piece to check whether its dimensions met the specified dimensions. The accuracy of
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the CMM is 5 micron with 2 micron repeatability. The following results were

obtained:

Diameter of the solid cylinder = 6.97 mm.
Angle between the cylinder axis and disc surface =89.97°.

Deviation in concentricity between cylinder and disc = 0.026mm.

MERL!

Figure 6-10 Ferranti Merlin 750 Co-ordinate measurement machine.

On the surface of this disc five points, marked as Cen,D,,D, , D, & D, ( these points

are physically marked as centre of different cross hairs on the target disc) as shown in
Figure 6-11, were measured with respect to the theodolite frame of reference to

determine the central axis ™y of the test piece and thus the distal hole axis.
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Cen

D3 .
DI

Figure 6-11 Points to be measured on the surface of the circular disc.

Using theodolites a study was conducted to determine whether to use the centre of the

disc that was obtained using a centre-finder or to use centre of the disc that was

obtained using perpendicular bisector method i.e. locating the point of intersection of

the perpendicular bisectors of two chords of the circle. For this purpose, at first centre
of the disc obtained using centre finder was measured and it was found out to be
(665.50, 516.78) mm. Subsequently in order to determine centre of the disc using
perpendicular bisector method, several chords were drawn on disc surface as shown in

Figure 6-12.

Chord| Point5 Chord5s

Pointl

oint2

Chord2

Point3

Chord3 =
Point7

Figure 6-12 Drawing of several chords on dise surface to determine disc’s centre
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Initially, points forming the chords were measured as shown in Table 6-2.

" Measurements | X (mm) Y (mm)
Point] 657.93 493.12
Point2 688.59 507.74
Point3 641.85 524.50

I Pomd | 670.25 541.26
Point5 665.89 492.00
Point6 690.38 517.13

' Point7 | 665.21 541.71

Table 6-2 Theodolite measurements.

Using the data in Table 6-2, the following set of disc centres was obtained using

perpendicular bisector method, as depicted by Table 6-3.

Chord intersection Dise’s centre X (mm) W
Chordl with chord2 Cenl 665.46 516.79
Chord! with chord4 Cen2 66545 | 51681
Chord3 with chord4 Cen3 665.49 516.82
Chord2 with chord3 Cen4 665.52 516.76
Chord5 with chord4 Cens 665.50 51683 |
Chord5 with chord?2 Cen6 665.53 516.81
Chord6 with chord1 Cen7 665.46 516.79
Chord6 with chord3 Cen8 665.51 516.81
Mean Centre 665.49' 01 516.80*0%

Table 6-3 Disc’s centre obtained using perpendicular bisector method.

It can be seen from Table 6-3, that the difference in centre co-ordinates obtained using

a centre-finder ie. (665.50,516.78) and perpendicular bisector method i.e.

(665.49.516.80) is relatively insignificant. Therefore, it was decided to use the centre
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of the disc that was obtained using centre-finder as it will involve fewer theodolite

measurements and hence will be less time consuming without loosing any accuracy.

Now the transformation matrix (i.e. ;7)) that can be used to relate the theodolite

frame of reference with respect to the calibration frame co-ordinate system with base
point RO must be determined, as shown in Section 6.2.1.1. Once the transformation

crl

matrix °,,7" was obtained the pointsCen,D,,D, , D, & D, , measured on the circular

disc with respect to the theodolite frame of reference, can be described relative to the
calibration frame co-ordinate system with base point R0 . The true drilling trajectory
then can be determined with respect to the calibration frame co-ordinate system with
base point RO, by finding the line which is perpendicular to the plane defined by

D,.D,,D; & D, and passing through the point"cen".

Using the CMM measurement, transformation (i.e. only translation) from the base

point Ryto . i.e. specified origin of the calibration frame, was determined so that

the true drilling trajectory obtained using the theodolite measurements can be

described with respect to the calibration frame.

e Finally, the drilling trajectory of the distal locking hole relative to the calibration
frame obtained from machine vision analysis and theodolite measurements can be
compared to determine the angular and positional error of the drilling trajectory

obtained from machine vision analysis.

6.2.1.1 Defining the Calibration frame co-ordinate system

The co-ordinate system of the calibration frame can be defined by a base point R,
then points R, and R, along the x-axis to define the direction of the unit vector. The
plane then can be defined by using points R; and R, along the y-axis as shown in

Figure 6-7. In order to obtain a more accurate definition of the plane, instead of using
only three points (the minimum points required to define a plane), five points on the

Lateral XRII plate were measured using theodolites as shown in Figure 6-7.
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Consider (¢, €, €,)as a set of unit vectors that gives the principal directions of the co-

ordinate system of the calibration frame with point R0 as the origin. Now the unit

vectors ¢, & e, will be given by:
. BB, _ i Ry=R .
B = = o cand g = ' A (Equation 6-3)
i 1Ry~ Ry | . | Ry~ Ro | ?

Where, f'éo Ry & R'z are position vectors with respect to the Master theodolite co-

ordinate system.

Now the unit vector ¢, will be determined by taking the average ofe , & ¢, .
[t cannot be assumed that the points Ry & R, along y-axis form a right angle with
respect to the vectors given by Ry & R, along x-axis. Therefore, the unit vectore,

was computed by fulfilling the requirement of orthogonality as follows:

¢, is a unit vector which is orthogonal to ¢, and lies in the plane defined by points

¥

Rg,R{.R,,R; and R, as shown in Figure 6-13.

R2

R1

™3

R4 R3

Figure 6-13 Datum coordinate system of calibration frame

Now an intermediate vector #,41s introduced which lies in the plane of Ry, R and R 5.

It defines ¢, as follows:

. i ;
€yt =7 (Equation 6-4)
[

Now n,; can be found by the following vector equation
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a8, +h,=Ry—R, (Equation 6-5)

with the constraint of orthogonality i.e. €, -1, =0
Now Equation 6-5 can be divided into a set of four equations with

= T - r
é,=legeye, ] andn 4 =[n,yn,n,]

e, n, Ry =By

ale, |+|n, |=|R;, —R,, (Equation 6-6)
€. n. R,.-R,.

en,+en, +en,=0 (Equation 6-7)

The above equation can be rewritten as follows:

”ﬂ RR,\' 1 R(I.l‘

0 1 0 e dmgl | B8
- . (Equation 6-8)
0 0 1 e |n,| |R.-R

3,2 0,z

e, e, e Olea 0

Or
A-x=b (Equation 6-9)

The above equation will have a defined solution if:

a) A isnot singular, i.e. det A #0. This will be the case when
[eg ey e,]" # 0 which impliesé, # 0, therefore it is always possible to find
vector which is orthogonal to directing towards point Ry and thus lying in the

plane defined by Ry, R, and R ;.

b) Ry # Ry,asif Ry = Ry, then the plane can not be defined as in this case

A-x = b = 0and thus the null vector will be the only solution.
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- ¥ B . T .
Since ¢f = ‘21 +e,; +¢,; ,the inverse of A will be given by:

i 2 » > » [
9 &xt _Safy by €y
2 2 2 2
| e h (oh Lh
|
l » =] 2 =3 al »
Lxl"yl e_\'1 "ylLfi "'_\'I
i N Lo B0 .
1 e ef ¢/ e .
A = (Equation 6-10)
2 »
1€ eyle’l - U:1 7
=y 2 2 2
€ € . & ¢
€y Cyi €, I
3 2 2 S
L L] Cl LI LI E

Since the aim was to determine components of i, =[n,4n  n, ]” . that can be
determined by calculating

x=A"-b (Equation 6-11)

which will results in

)2 e ). D 0 ’
ny = *%](R:_, = Rn‘_r)_ :ZH (R_\_\ =2 Rn,r )_ c:i:l (Rz,: "Ru,:) (EQuation 6-12)
1 1 |
_— Z;;' ](R] s )— e:’(;‘_u’(R."‘ = Ry )_ !-'_lj‘;i-'.‘, (R“ 5 Rn,:) (Equalion 6'13)
[ ;2 e. ? e
n:l = = %‘TI'J(R'H i RD._t )—-e:‘—z“-(Ri.u s Ro.; )_ ‘L_‘j(:;—"(RV - RD;) (Equation 6'14)
] 1 I

Now the orthogonal unit vector can be obtained as follows:

n
) - nl g =4 = 2 2 2
e, = ——"‘ , where “”m“ = ,}nx, +ny, +n;
7l ”

n

Similarly ¢ , is obtained using points R, and R . The unit vector ¢, was determined
by taking the average ofe , &é , .

Now to complete the calibration frame coordinate system the third unit vector i.e.

¢. which is normal to both ¢, and ¢ will simply be calculated by taking their cross

product as follows:
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~ ~ ~
€, =€, A6 (Equation 6-~15)
or
e: X e\ X e_\'.‘\ e\‘ ) (,I z —e\,’ e\"\
él = e:\ = L)r._‘ X L)i ¥ = t’\ 4 ()\ X .—e\'.,\ el - (Equation 6”16)
e. e, e e . e,  —e, e

From machine vision analysis the drilling trajectory was obtained with respect to the
calibration frame co-ordinate system with point C,, as the origin. Using theodolite
measurement on the disc as shown in Figure 6-11, the drilling trajectory was obtained
with respect to the theodolite frame of reference. The aim is then to transform this

trajectory in terms of the calibration frame co-ordinate system with point C,, as the

origin.

To achieve this aim, at first there is a need to determine a transformation matrix that
can be used to define the calibration frame co-ordinate system relative to the
theodolite frame of reference. Since the co-ordinate system of the calibration frame

(€, e, e,) is already defined with respect to the theodolite frame of reference using
theodolite measurements, the transformation can be given as follows:

_”,JR ]’JIP L o
ok C.F-Origin (Equation 6-17)
0 0 0 :

Where, (.ﬂi'R is the rotation matrix which describes calibration frame coordinate

system relative to theodolite frame of reference.

h h = Th ~ Tha .
C.F R = [ ‘x(‘ F "y(‘ F JZ(- r j (Equatlon 6"'8}
é.rx éyx é:\f
snR=16, &, &, (Equation 6-19)
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It can be seen from the above rotation matrix that components of each vector
"% ps"P. and "z, are the projection of that vector onto the unit direction of the
theodolite frame of reference.

In Equation 6-20 P,

¢ & omem 1S the translation vector describing the calibration frame

coordinate system with base point R, relative to theodolite frame of reference. Since

base point is measured using theodolite, so the translation is simply given by:

=

HJP

C.F Origin —

(Equation 6-21)

Hence the transformation matrix which describes the calibration frame coordinate

system with base point R, relative to theodolite frame of reference is given by:

eu u'..r e:r RD,.\'
. ¢, &, &, X
sl \ zy 0 %
o=,y & = ] (Equation 6-22)
e\" f')l': (f____ RU z
0 0 0 ] |

Now taking the inverse of the above mentioned transformation will result in a
transformation matrix that will describe the theodolite frame of reference relative to

the calibration frame co-ordinate system as follows:

Thpt Thpt Th
. TR % B PPy
= = S (Equation 6-23)
0 0 0 1

Where ./"R" is the transpose of the rotation matrix which describes the calibration

frame coordinate system relative to theodolite frame of reference.

{;ll' ét}' éC
Thpt _| & A A . 9.
crR =le, £, €. (Equation 6-24)
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6.2.2 Determination of positional and angular error of machine

vision drilling trajectory

Once the rotations "@"and "¢" were obtained from machine vision analysis the
Y y

were used in conjunction with the target point (i.e. point obtained by intersecting the
nail axis with the line-of-sight that passes through the centre of the oval) and nail
diameter to determine the entry point of the drilling trajectory. These two points i.e.
“target point” and “entry point” defines the drilling trajectory obtained from the
machine vision system with respect to the calibration frame co-ordinate system. This
trajectory was then compared with the true drilling trajectory obtained from theodolite
measurement to determine the angular and positional errors. Initial analysis showed
that a mean angular error of 1.12°(worst case being1.41°) and mean positional error

of 1.04 mm (worst case being 1.52 mm) could be obtained.

In order to improve the quality of the input data, which in turn should result in an
improvement in the overall accuracy of the system, instead of using the specified co-
ordinates for ball bearing centres on the calibration plates, the centres of all the ball
bearings were determined with respect to the calibration frame co-ordinate system
using the CMM, as shown in Figure 6-14. CMM measurements were also performed
to check the relative positions and orientation of all calibration plates. The data
obtained via CMM measurement was then stored in a file and subsequently used for

trajectory analysis. Details of these measurements are given in APPENDIX G.
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Figure 6-14 Calibration frame in position for CMM measurements (Front view).

After using the actual data obtained using CMM measurements, instead of specified
data (i.e. specified fiducial co-ordinates), the results from the laboratory trials were
summarized in Figure 6-15. The corresponding numbers in Figure 6-15(a) and Figure
6-15(b) represent the entry and exit points respectively for the various drilling
trajectories. Analysis showed that a mean positional error of 0.81mm (worst case
being 1.18 mm, as depicted by trajectory 5) and mean angular error of 1.01° (worst
case beingl.25°, as depicted by trajectory 2) were obtained. These values were
considered acceptable for inserting a guide wire of 2.5mm diameter into the distal
locking hole of 7mm diameter (or even Smm diameter distal locking hole) and the
subsequent screw insertion. In the light of previous research by Phillips et al [113,
117] and consultation with our collaborating surgeons, it was found that successful
drilling of the pilot hole for locking a screw using the guide wire indicates that

successful locking of the distal holes of an intramedullary nail can be performed.
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Figure 6-15 Results from accuracy evaluation of the machine vision system.
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To evaluate the robustness of the system, the effect of the position of the C-arm X-ray
unit with respect to the calibration frame and also contrast and noise variations in the

X-ray images have been studied, as discussed below.

6.3 Effect of X-ray source position on the Lateral view image

In the adopted procedure the C-arm image intensifier was positioned as close as
possible to the calibration frame plates in the AP view. However, in the Lateral view
the position of the image intensifier (and thus the position of the X-ray source) can
vary.

In X-ray imaging, object points nearer to the X-ray source experience higher
magnification than object points nearer to the image plane. Therefore, during
laboratory trials, in order to determine the robustness of the image analysis system in
predicting nail rotation about its own axis at different magnifications, three different,
positions of the X-ray source with respect to the calibration frame (D) were used for
each set of rotations (# and @) of the nail. During trials the three values of D (shown

in Figure 6-16) used were 345, 395 and 445mm i.e. a difference of 50mm between
each position. The latter distance represents a standard position of the X-ray source

for the Lateral image.

l‘ D ]
X-ray & / lmage.
Source Calibration frame Intensifier
C-arm

Figure 6-16 Positioning of the X-ray source relative to calibration frame.
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Analysis showed that, for different values of D, the maximum deviation in predicting
the rotation of the nail about its own axis was(.08°. This shows that machine vision
system has small invariance to the positioning of the X-ray source with respect to the

calibration frame.

6.4 Influence of contrast and noise variations on image

analysis

During this study, special attention has been given to the effect of variable contrast
and noise in the X-ray images on machine vision analysis. To measure accurately the
performance of the machine vision system, the combined effects of noise and contrast

must be evaluated.

Noise

Inherent in any digital imaging chain, noise has long been recognized as a parameter
that can have a dramatic impact on image quality, which degrades very quickly as
noise increases. Since noise is a major limiting factor in object detectability, low noise
is a prerequisite for good image quality [133]. According to Gonzalez et al [134] the

principal sources of noise in digital images arise during:

¢ Image acquisition, as the performance of imaging sensors is affected by a variety
of factors, such as environmental conditions during image acquisition, and by the

quality of the sensing elements themselves.

¢ Digitisation or transmission, as image is corrupted during transmission principally

due to interference in the channel used for transmission.

Quantum and electronic noise are random variations of a signal that can obscure
useful information in a diagnostic image; guantum noise arises from variation in the
number of X-ray photons detected. Quantum and electronic noise are unavoidable in a
digital imaging chain. The effect, often expressed as signal-to-noise ratio (SNR), can

vary widely from system to system.
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Signal  Useful image information

Noise Erratic information

High SNR, or low system noise, is therefore key to digital X-ray image quality. It can
be seen from Figure 6-17 that as noise decreases, or SNR increases, object

detectability increases rapidly.

1:1 SNR 2:1 SNR 5:1SNR |

Figure 6-17 Images at different SNR Ratios [134]
Contrast

X-ray contrast is produced because X-ray penetration through an object differs from
the penetration through the adjacent background tissue. Maximum (100%) contrast is
produced when no radiation penetrates the object. Metal objects, for example use of
stainless steel ball bearing as calibration marker on theI calibration frame is a good
example. It should be noted that increased X-ray penetration through the object results
in contrast reduction while decreasing the radiation dose to the patient [135], as

shown in Figure 6-18.




Accuracy evaluation of the machine vision system

OBJECT PENETRATION
and CONTRAST

PHOTONS

a aa ) L L] 30

2 @
= X-RAY BEAM \
g :
|
. | |
KV 10D ' / \
\
kv [ co ’

Figure 6-18 Influence of X-ray penetration on image contrast | 135)

Since the contrast of an X-ray image is controlled by a combination of X-ray tube
voltage and current [134], different combinations of voltage and current were used
during laboratory trials to achieve a wide range of contrast in the images. Simulated
Gaussian noise was added at various levels between 5% and 15% to each of the
variable contrast images using a proprietary image processing package. Subsequent
tests showed that good repeatability (less than 0.1° difference in measurement of the
distal holes axes direction) could be obtained for up to 15% of gaussian noise across a
wide range of contrast. For example, Figure 6-19 and Figure 6-20 depicts the

performance of the machine vision analysis on noisy Lateral and AP view X-ray

images with variable contrast respectively.
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Figure 6-19 Machine vision analysis on the Lateral view image with variable noise and contras
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Figure 6-20 Machine vision analysis on the AP view image with variable noise and contrast.




Accuracy evaluation of the machine vision system

212

6.5 Summary

In order to evaluate the accuracy of the machine vision system, the drilling trajectory
for the distal locking hole computed with respect to the calibration frame using
machine vision system was compared with the true drilling trajectory that was

obtained with respect to the calibration frame using theodolite measurements.

During laboratory trials, the nail was placed at different orientations likely to be
encountered during the surgical procedure using a specially designed test rig. Based
on the results obtained from the laboratory trials presented in this chapter, it has been
shown that the proposed system provides the accuracy required for successful
insertion of distal locking screws. It has also been shown that the proposed system is
very robust in the presence of variable noise and contrast in the X-ray images and in
terms of variable magnification. The following chapter describes the development of a
robust calibration frame in order to make the proposed system suitable for clinical

use.
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Desien of a robust calibration frame

7 Design of a robust calibration frame

Existing calibration frame was designed to prove the concept. Therefore, to make it

adaptable for clinical use it has been redesigned to:

e To investigate the optimal number of fiducials and their spatial distribution
necessary to provide the required accuracy.

e Accommodate wide range of patient physiologies while taking into account
swelling

e [ssues such as robustness, ease of manufacture and calibration.
7.1 Investigation into Fiducial layout

The aim of this study was to investigate the optimal number of fiducials and the
spatial distribution required to obtain the desired accuracy. It comprises the following

stages:

1. In the first stage. a comparison between fiducials lying towards the centre of the
plate and those near the periphery was made in terms of their influence on the
overall accuracy of the machine vision system.

2. During the second stage, in the light of results obtained from the first stage. a
search was made to determine the minimum number of fiducials and the spatial

distribution that can be used to achieve the desired accuracy.
7.1.1 First stage investigation

In the Lateral view fiducials were used to:
e Construct focal lines for focal point determination,
e Determine points on the centre line of the nail, and

e Find corresponding position of the centre of the oval on two calibration plates.

In the AP view fiducials were used to:
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e (Construct focal lines for focal point determination and

e Determine points on the centre line of the nail.

In order to determine which fiducials of the AP and Lateral calibration plates have
most influence on the overall accuracy of the system. the following changes have

been made in the existing system:

a) Removal of centre fiducials from each line

In this scenario, the total numbers of fiducials on Lateral and AP calibration plates
were kept the same (i.e. 15). However, two fiducials from the centre of the line were
discarded while adding two fiducials towards the periphery of the calibration plates on
either side of each line. Figure 7-1 shows the Lateral view image with discarded

fiducials bounded in blocks.

Figure 7-1 Removal of centre fiducials in the Lateral view image.

Analysis has shown that an increase of 0.12 mm and 0.09°is obtained in mean

positional and mean angular error respectively, when the scenario depicted in Figure
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7-1 was compared with the standard practice i.e. using all 15 fiducials as shown in

Figure 7-2.

Figure 7-2 Fiducial used in standard practice image analysis.

b) Discarding of fiducials immediately above and below the intramedullary nail

In this scenario, the total number of fiducials on the Lateral and AP calibration plates
were kept the same (i.e. 15), however, all the fiducials from the lines immediately
above and below the intramedullary nail were discarded while using fiducials which
lie towards the periphery of the calibration plates on either side of the nail, as shown

in Figure 7-3 for the Lateral view image.
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Discarded
fiducials

Figure 7-3 Discarding of fiducials immediately above and below the intramedullary nail.

Analysis has shown that an increase of 0.19 mm and 0.24°is obtained in mean
positional and mean angular error respectively when compared with the standard
practice as shown in Figure 7-2. This loss of accuracy is due to the fact that fiducials
lying in the immediate surroundings of the nail were discarded, therefore the three
closest points chosen to reconstruct given image points (i.e. points on the nail centre
line in both Lateral and AP views, and a point representing the centre of the distal
hole projection in the Lateral view) are further away from those points in comparison
to their ideal location. As a result, a larger triangular sub-region was used for the
interpolation process, which results in reduced reconstruction accuracy as a linear

interpolation function is used to estimate non-linear distortion effects.

[t can be seen from the analysis presented in this section that fiducials lying towards
the centre of the plate are more influential on overall accuracy than fiducials lying at

the periphery. Therefore, during the second stage, fiducials used to calculate the
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drilling trajectory will be chosen such that they lie towards the centre of the

calibration plates rather than at the periphery.
7.1.2 Second stage investigation

In order to determine the optimal number of fiducials and the spatial distribution
required to achieve the desired accuracy. different fiducial configurations for AP and
Lateral calibration plates were used on existing X-ray images. These configurations

are discussed in detail in the following sub-sections.

Scenario |

In the Lateral and the AP view, fiducials were used to reconstruct given image points
on the centre line of the nail using the localized interpolation technique described in
Section 4.4. Image points on the centre line of the nail were obtained by drawing
multiple line profiles across the nail on either side of the distal locking hole as
described in Section 4.5.1 and Section 4.5.2 for the Lateral and the AP views
respectively. Therefore, a minimum of three visible fiducials were required on each
calibration plate to include image points on the nail centre line in a bounding triangle,

and to determine their corresponding position on the relevant calibration plate, as

shown in Figure 7-4 and Figure 7-5 for the Lateral and AP views respectively.
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Region containing
+—fiducials used during
scenario 1

Figure 7-4 Fiducials used in the Lateral view image for Scenario 1.

"Region containing
fiducials used during

Figure 7-5 Fiducials used in the AP view image for Scenario 1.
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[t should be noted that in Figure 7-4 and Figure 7-3, fiducials belonging to the XRII
plate are encircled with white circles, whereas fiducials belonging to the Source plate
are filled with white and encircled with black circles. This description of fiducials is

also valid for Figure 7-6 and Figure 7-7.

Analysis has shown that an increase of 0.71 mm and 0.68° was obtained in mean
positional and mean angular error respectively, when the scenario 1 depicted in Figure
7-4 and Figure 7-5 was compared with the standard practice as shown in Figure 7-2.

Therefore, scenario 1 was discarded as it does not provide the required accuracy.

Scenario 2

During this scenario, 4 fiducials on the XRII plate and 4 fiducials on the Source plate
in both Lateral and AP views, shown by the rectangular sub-region of Figure 7-6 and

Figure 7-7, were used to determine the drilling trajectory.

Region containing
o fiducials used during
scenario 2

Figure 7-6 Fiducials used in the Lateral view image for Scenario 2.
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"Region containing

/ fiducials used during
scenario 2

Figure 7-7 Fiducials used in the AP view image for Scenario 2.

Analysis has shown that an increase of 0.56 mm and 0.64° was obtained in mean
positional and mean angular error respectively, when compared with the standard
practice as shown in Figure 7-2. Therefore, scenario 2 was discarded as it does not

provide the required accuracy.

In addition to loss of accuracy, one potential disadvantage of scenario 1 and scenario
2 was that the calibration frame would need to be positioned such that the distal end
of the nail containing the locking hole would appear within the field of view bounded
by the fiducials used for each Lateral and AP view. This method can also prove to be
quite time consuming as excessive repositioning of the calibration frame may be
required. This problem can be partially overcome by having the fiducials at a large
distance from each other, in other words, having them towards the periphery of the
alibration plates. However, in the light of the results obtained during the first stage,

employing these scenarios with large spacings will result in a further loss of accuracy.
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Scenario 3

In this scenario, 6 fiducials on the XRII plate and 8 fiducials on the Source plate in
both Lateral and AP views, shown by rectangular sub-regions of Figure 7-8 and
Figure 7-10 respectively, were used to determine the drilling trajectory. Fiducials used
during the analysis of the Lateral view image for this scenario are bounded in the
rectangular region of Figure 7-8. Those fiducials which surround the oval shaped

distal hole projection, lie towards the centre of the calibration plates.

Region containing fiducials
used during scenario 3

~

Figure 7-8 Fiducials used in the Lateral view image for Scenario 3.

From here on, it should be noted that partially imaged fiducials within the rectangular
region (i.e. fiducials at the nail edges) were identified, and were not used during
image analysis. A schematic view of the fiducial layout on the Lateral view plates

used for this scenario is depicted by Figure 7-9.
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Figure 7-9 Schematic view of fiducial layout on the Lateral view using Scenario 3.

For the AP view X-ray image, fiducials used during image analysis for this scenario
are depicted in the bounded rectangular region of Figure 7-10. These fiducials lie

towards the centre of the calibration plates.
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Region containing
fiducials used during

/scenario 3

Figure 7-10 Fiducials used in the AP view image for Scenario 3.

A schematic view of the fiducial layout on the AP view plates used for this scenario is

depicted by Figure 7-11.

© Fiducials belonging to AP XRIl plate
(O Fiducials belonging to AP Source plate.

52

@
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Figure 7-11 Schematic view of fiducial layout on AP view image using Scenario 3.
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Analysis has shown that by employing this scenario, a mean positional error of 1.12
mm and mean angular error of 1.36° were obtained. This compares to a mean
positional error of 0.81 mm and 1.01° obtained when the standard scenario or
practice (i.e. using all 15 fiducials on XRII calibration plates and all 18 fiducials on
Source calibration plate in both Lateral and AP views) was employed. Thus scenario 3

was discarded.

Scenario 4

In this scenario, 9 fiducials on the XRII plate and 12 fiducials on the Source plates in
both Lateral and AP views, shown by the rectangular sub-region of Figure 7-12 and
Figure 7-13 respectively, were used to determine the drilling trajectory. Fiducials used
during image analysis of the Lateral view image for this scenario are bounded in the

rectangular region of Figure 7-12.

Region containing fiducials
used during scenario 4

Figure 7-12 Fiducial used in the Lateral view for Scenario 4.
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For the AP view, fiducials used for this scenario are shown in the bounded rectangular

region of Figure 7-13.

Figure 7-13 Fiducial used in the Lateral view for Scenario 4.

Analysis has shown a mean positional error of 0.91 mm and a mean angular error of
1.12° for this scenario, in comparison to mean positional error of 0.81 mm and 1.01°

obtained when the standard scenario was employed. Thus scenario 4 was discarded.

Scenario 5

In this scenario, instead of using 15 fiducials on the XRII calibration plates and 18
fiducials on the Source calibration plates in both Lateral and AP views, the number of
fiducials was reduced to 10 and 12 respectively, as shown in Figure 7-14 and Figure
7-15 for the Lateral and AP view respectively. These fiducials lie in the vicinity of the

intramedullary nail, towards the centre of the calibration plates.
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I Region containing fiducials
le—"used during scenario 5
|

Region containing fiducials
used during standard scenario

Figure 7-14 Fiducial used in the Lateral view image for Scenario 5.

Region containing fiducials
used during scenario 5

Region containing fiducials
used during standard scenario

Figure 7-15 Fiducial used in the AP view image for Scenario 5.
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Analysis has shown that by employing this scenario, a mean positional error of 0.92
mm and a mean angular error of 1.08° were obtained, in comparison to a mean
positional error of 0.81mm and 1.01° obtained when the standard scenario was

employed and hence scenario 5 was discarded.

Scenario 6

In order to see whether an increase in the number of fiducials used during image
analysis results in a significant improvement of results obtained from the machine
vision system, the number of fiducials on the XRII and Source calibration plates were
increased from 15 to 20 and from 18 to 24 respectively, for both Lateral and AP

views, as shown in Figure 7-16 and Figure 7-17.

Region containing fiducials
pe—"used during scenario 6

|
I
1
I
I
I
I

Region containing fiducials
used during standard scenario

Figure 7-16 Fiducial used in the Lateral view image for Scenario 6.
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Region containing fiducials
used during scenario 6

T
»»’{!egion containing fiducials
used during standard scenario

Figure 7-17 Fiducial used in the AP view image for Scenario 6.

Analysis has shown that using this scenario, a mean positional error of 0.80 mm and
mean angular error of 1.01° were obtained, in comparison to a mean positional error

of 0.81 mm and 1.01° obtained when the standard scenario was employed.
Conclusion

Since, similar results were obtained by employing both the standard scenario and
scenario 6; it was decided to use the standard scenario to determine the drilling
trajectory as it involves the use of fewer calibration markers, which will result in

reduced manufacturing time and cost as well as faster processing.

7.2 Adaptability for patient physiology

In order to make the calibration frame more robust, it should be able take into account
variable patient physiology while acquiring X-ray images. Previous research by
Stephenson ef al [136] has shown that femoral cross-sectional geometry varies

considerably along the length of the femoral shaft. Therefore, it is necessary to
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determine the location of the femoral axis with respect to the upper surface of the leg
(in the AP direction) and outside surface of the leg (in the medio-lateral direction) i.e.

dimensions D™ and “W” (shown in Figure 7-18) at the distal end of the femur.

3 2
e VT3

Figure 7-18 Femur Cross-section of left leg

In the initial phase, it was decided to use adult anthropometric data [137] to determine
D and W. However, no anthropometric data for the area of interest (the distal end of
the femur) was available, therefore, the closest available data (i.e. thigh depth behind

knee while sitting, as shown in Figure 7-19) was used.
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Thigh depth

Figure 7-19 Measurement location of thigh depth, behind the knee

The anthropometric data, shown in Table 7-1 represents adults’ aged between18-64
years living in the UK and was obtained from PeopleSize 1998. PeopleSize is a
computer anthropometry database that provides a visual interface to the data. The
PeopleSize data set uses data from many sources, but in particular from the
Department of Health and the HUMAG research group at Loughborough University.
The data was obtained by measuring vertically from the underside of the unsupported
tendons to the upper surface of the thigh. Although during IMN the leg would be
extended, the extension doesn’t significantly change the shape at the distal end of the

femur. All dimensions presented in the tables of chapter 7 are in millimetres.

Sex Mean  Standard Deviation (sd)  5th%ile 95th%ile
male 140.4 16.5 113.3 167.5
female 131.6 154 106.3 157

Table 7-1 Anthropometric data for thigh depth (mm), behind knee while sitting [137]
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While compiling ergonomic data it is impossible to measure everyone. Therefore, the
range of variability of human features is usually predicted by measuring a random
selection of people among the target population. For Table 7-1 it should be noted that,
within a gender, the 5th through 95th percentile range covers 90% of people (i.e. the

top 5% and bottom 5% are excluded), as shown in Figure 7-20.
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Figure 7-20 Standard normal distribution graph.

It should be kept in mind that ergonomic design cannot accommodate every user, and
that typically it should be able to accommodate from a 5th percentile woman to a 95th
percentile man, as theoretically this range will accommodate 9.5 out of 10 users [138].
Therefore the dimensions for 5" percentile female to 95" percentile male from Table

7-1 were considered while designing the calibration frame for the target population.

It should be noted that no anthropometric data of interest i.e. for the distal end of
femur was available for older adults (i.e. 65 + years age) from [139] and data about
thigh depth (where it is greatest while sitting) for people in the UK from Pheasant

1996 was the closest available data. This data is shown in Table 7-2.

Sex Mean  Standard Deviation (sd) bth%ile 95thC%ile
male 150 15 125 175
female 145 16 115 170

Table 7-2 Thigh depth in mm (maximum, sitting) anthropometric data for older adults [139]
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Pheasant 1996 represents the information reprinted from [140]. The data shown in
Table 7-2 was obtained by measuring vertically from the seat surface to the upper,
uncompressed, surface of the thigh where the thigh depth is greatest as shown in

Figure 7-21.

Maximum thigh
depth

Figure 7-21 Measurement location of Thigh depth(maximum, sitting) for older adults [139]

In order to obtain a correlation or to establish a relationship between adult and older
adult distal thigh dimensions, the maximum thigh depth dimension for older people in
Table 7-2 was compared with that of younger adults (see Table 7-3) obtained from
[137].

Sex Mean  Standard Deviation (sd) Sth%ile 95th%ile

male 166.8 18.8 1359 197.7
female 1537 226 116.6 190.9

Table 7-3 Thigh depth in mm (maximum, sitting) anthropometric data for adults.
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It can be seen from Table 7-2 and Table 7-3 that thigh depth for older adults almost
lies within the range specified for younger adult data; therefore it can be assumed that
older adults probably will have thigh depth (behind the knee) dimensions which lie

within the dimensions reported in Table 7-1 for younger adults.

In the case of children with femoral shaft fractures, ideal treatment depends on the
age, location, and type of fracture and to a lesser extent financial considerations.
However, general recommended treatment guidelines are shown in Table 7-4 [22). It
has also been reported that cast bracing should only be used to treat fractures of the
distal third of the femoral shaft, because it is difficult to control varus alignment by

applying this technique to proximal shaft fractures.

Age Recommanded treatment
Birth to € years Immediate cast/spica casting
6 to 12 years Traction followed by cast/spica casting
12 years or older children Intramedullary nailing

Table 7-4 General treatment guidelines in children with femoral shaft fractures.

For infants and younger children use of cast/spica casting is preferred in comparison
to IMN, to avoid femoral head avascular necrosis (AVN). AVN can occur in young
children undergoing IMN of femoral shaft fractures due to vulnerable blood supply of

the femoral head. Later on it causes musculoskeletal disability [141, 142].

Gracilla ef al [143] treated 20 children (aged between 3 and 12 years) for an isolated
femoral shaft fracture using traction followed by a spica cast. Patients were
discharged from the hospital at a mean time of 5.1 days following injury. All but one
fracture healed in acceptable alignment, and there was no clinically significant leg-
length discrepancy. Sahin et al [144] also reported use of closed reduction and early
spica cast as a simple definitive method for treating femoral shaft fractures in children

aged between 1 and 10 years.

However, in older children prolonged immobilization due to traction and cast/spica

casting can result in limb shortening ,malunion, loss of joint motion and muscle

atrophy [22, 141]. Reeves et al [145] compared the use of traction and subsequent
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casting with IMN in cases of adolescent femoral shaft fractures. It was found out that
traction and casting group had a mean hospital stay time of 26 days in comparison to
9 days required for group treated with IMN. Group treated with IMN also had fewer
complications. It was also reported that the cost of non-operative treatment is 40 %
higher than IMN treatment, even after considering the necessity for another surgical
procedure for intramedullary nail removal in case of IMN, largely because of a
threefold difference in mean hospital stay. Therefore use of IMN has been
recommended to treat adolescent femoral shaft fractures as it results in earlier

walking, shorter hospital stays and decreased healing times [22, 148].

In the light of the above discussion it was essential to obtain anthropometric data for
the distal end of the femur in older children (i.e. aged between 12 to 18 years).
However no such anthropometric data was available for older children from [147].
Therefore, data for the thigh depth (where it is greatest when seated as shown in
Figure 7-22) was used. This data is shown in Table 7-5 and Table 7-6 for male and

female older children respectively.

Age Mean Standard Deviation (sd) 5th%ile  95th%ile

12 126 13 105 145
13 130 15 105 155
14 140 16 115 165
15 140 15 115 165
16 150 18 125 175
17 155 17 125 185
18 160 15 135 185

Table 7-5 Thigh depth in mm (maximum, sitting) anthropometric data for male older children
1147)
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Age Mean ard Deviatio 5th%ile  95th%ile
12 130 17 100 160
13 135 15 110 160
14 140 14 115 165
15 140 14 115 165
16 145 14 120 170
17 145 16 120 170
18 145 14 130 170
Table 7-6 Thigh depth in mm (maximum, sitting) anthropometric data for female older children
1147}

The data presented in Table 7-5 and Table 7-6 was obtained by measuring vertically
from the seat surface to the highest point on the top surface of the thigh while the

subject sits erect as shown in Figure 7-22.

Maximum thigh
depth

Figure 7-22 Measurement location of thigh depth(maximum, sitting) for older children [147]

In order to establish a relationship between adult and older children distal thigh
dimensions, maximum thigh depth dimensions for older children depicted by Table

7-5 and Table 7-6 were compared with that of adult people (see Table 7-3).
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It can be seen from Table 7-3, Table 7-5 and Table 7-6 that with the exception of 12
and 13 year old children, maximum thigh depth for older children lies within the
range specified for adult data; therefore it is assumed that the majority of older
children probably will have a thigh depth (behind the knee) dimension which lies

within the dimensions reported in Table 7-1 for adults.

In order to estimate the required dimensions of the Calibration frame i.e. “D” and
“W? (shown in Figure 7-18) cross-sectional views of the distal end of the thigh were
used in conjunction with anthropometric data. For this purpose a human anatomy atlas
titled “A cross-sectional anatomy” [148] by Eycleshymer and Schoemaker was
chosen. It was first published in 1911 and the present volume is a reprint. In this
study, serial sections of the entire body, made from formalin-hardened (i.e. by
injecting formalin into the body through the femoral artery resulting in a thoroughly
hardened body in a few days) cadavers are presented. This study sets the standard by
which work of sectional anatomy is measured and compared, and is incorporated in
standard textbooks [1, 149, 150]. It should be noted that reasonable assumptions were

made throughout this process to allow progress as it was not possible to obtain data

for each individual.
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. Region just
i52 behind the knee

Patella

Figure 7-23 Front view of the upper left leg [148]

It can be seen from Figure 7-23 that the area of interest, i.e. the distal end of the thigh,
is represented by cross section 86, whereas cross section 88 represents the region “just
behind the knee™ for which the data was available from [137] as depicted by Table
7-1. In order to obtain dimensions in meaningful units (mm), the cross-section 88

shown in Figure 7-24 was then used in conjunction with a grid (shown in Figure 7-24)

to determine mm/square ratio as depicted by Table 7-7.
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Figure 7-24 Femur cross section, just behind the knee region |148)

It was assumed that this cross section is representative of the mean thigh depth for

both males and females. Therefore mean thigh depth dimensions were used from

Table 7-1.

Sex

Mean depth (mm)

Mean Depth (squares)

mm/square

Male

1404

44

3.19

Female

131.6

44

2,99

Table 7-7 Determination of mm/square ratio

A grid was then used for analysis of cross section 88 (shown in Figure 7-25) to

determine depth and width dimensions respectively at the distal end of the femur.
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Figure 7-25 Distal femur Cross section [148]

It was found out that the leg was 45.5 squares in depth and 41.5 squares in width.
These dimensions were then used with “mm/square” ratio obtained from Table 7-7 to
obtain depth and width dimensions for the distal end of the femur as depicted by

Table 7-8. The following assumptions were made for Table 7-8.

1. The standard deviation for the thigh depth at the distal section was assumed to
be the same as that obtained from [137] for the thigh depth (just behind the
knee) region. This was done due to the close proximity and similar

composition of the two cross sections.

2. The standard deviation for the distal section width was assumed to be in the
same proportion as that of the depth i.e.

Malegp,yipryy = L s x16.5=15.1mm

145.1

124.
Female g,y = %x 15.4=14.1mm
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Sex Mean depth | SD (Depth) | Mean width | SD (Width)
Male 1451 16.5 1324 16.1
Female 136 15.4 1241 14.1

Table 7-8 Depth and width dimensions for distal end of the leg.

Since the aim was to target the middle 95th percentile population (i.e. the top 2.5%
and bottom 2.5% are excluded), therefore distal section dimensions (shown in Table
7-9) were obtained for the target population. Values in this table were rounded up to

provide a small safety factor.

Sex Depth (max) | Depth (min) | Breath (max) | Width (min)
Male 178 114 163 102
Female 167 105 152 96

Table 7-9 Depth and width dimensions at the distal section for middle 95" percentile population.

In order to acquire X-ray images for analysis, it is essential that the calibration frame
is able to accommodate the location of the nail for different patient physiologies.
Since the nail is inserted in the femoral canal, the soft tissue surrounding the femur
does not require a reference from the calibration frame. However, it is essential to
determine where the femur is located in relation to the top and outside of the leg as
this information will help to determine the dimensions of the calibration plates needed
for X-ray image acquisition. Therefore, after having determined the theoretical size of
the leg at the distal section, the location of the femur relative to the outside and top of
the leg at this distal section was determined using the grid. The femur can be seen to
be almost circular, so the location relative to the top and outside of the leg was taken
from its centre. This is the bone marrow canal which is where the intramedullary nail

is inserted so it provides an ideal reference. The location was found to be;

total width = 41.5 squares,

Centre of femur to outside of leg = 22squares,
total depth = 45.5 squares,

Centre of femur to top of leg = 24 squares.

The range of the femur location for the target population was then obtained using the

depth and width of the distal section (shown in Table 7-9) as follows:
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However, in order to validate the results obtained using the thigh cross section from
[148], thereby making this study more conclusive, a recent cross sectional anatomy
atlas by Bergman er al [149] was used. The study provides a high-quality colour
photographic atlas of sectional anatomy. By presenting actual photographs of sections
of the human body one of the major disadvantages of drawings that of possible
inaccuracies due to artistic interpretation, is avoided. The specimens used in the
preparation of this atlas have come from several bodies that were preserved by routine
anatomical procedures and then thoroughly frozen. The bodies were sectioned using a
band saw. The sections were then thawed and cleaned in a chilled solution. The

sections were then refrozen and stored until they were photographed.

-d

e |
-

Patella

Region just behind
the knee

Figure 7-26 Front view of the upper right leg
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It can be seen from Figure 7-26 that the area of interest is represented by cross section
7.5, whereas cross section 7.7 represents the region “just behind the knee” for which
the data was available from [137] as depicted by Table 7-1. Now the “mm/square

ratio” was obtained in a similar fashion as for [148] depicted by Table 7-10.

Sex Mean depth (mm) | Mean Depth (squares) mm/square
Male 140.4 52 207
Female 131.6 52 2.53

Table 7-10 Determination of mm/square ratio

A grid was then used for the analysis of cross section 7.5 (shown in Figure 7-27) to

determine the depth and width dimensions at the distal end of the femur.

Outside of
the leg

Figure 7-27 Cross sectional view of the distal femur |149)




Design of a robust calibration frame 243

It was found that the leg was 56 squares in depth and 46.5 squares in width. These
dimensions were then used with “mm/square™ ratio obtained from Table 7-10 to
obtain depth and width dimensions for the distal end of the femur as depicted by

Table 7-11. Standard deviation for the thigh depth and width at the distal section was

obtained as described earlier for [148].

Sex Mean depth | SD (Depth) | Mean width | SD (Width)
Male 16512 16.5 1255 13.7
Female 141.7 15.4 7.7 12.8

Table 7-11 Depth and width dimensions for distal end of the leg.

Distal section dimensions (shown in Table 7-12) were then obtained for the target

population. Values in this table were rounded up to provide a small safety factor.

Sex Depth (max) | Depth (min) | Breath (max) | Width (min)
Male 184 118 153 98
Female 173 111 144 92

Table 7-12 Depth and width dimensions at the distal section for middle 95" percentile

population.

After having determined the theoretical size of the leg at the distal section, the
location of the femur relative to the outside and top of the leg at this distal section was

determined using the grid. The location was found to be;

total width = 46.5 squares,
Centre of femur to outside of leg = 26 squares,
total depth = 56 squares,

Centre of femur to top of leg = 16.5 squares.

The range of the femur location for the target population was then obtained using the

depth and width of the distal section (shown in Table 7-12) as follows:

= L x width = (51~85)mm
46.5 ;

min

e

( ma:} ﬁ:m 4 e min
16.5
D(’"”E‘/- = = xdepth(,,m = (32~54)mm
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As a result of the above analysis the essential measurements required for calibration

frame dimensions are shown in Figure 7-28.

D (32-55)mm

| W (51-87) mm

Figure 7-28 Femur location dimensions with respect to outside and top of the leg.

It should be noted that the above dimensions are only valid for legs without any
swelling. Therefore, for robust design of the calibration frame, the influence of
swelling on a patient’s thigh size after femoral shaft fracture was also evaluated. The
following section discusses swelling and its repercussions on femoral shaft fracture

treatment in detail.

7.2.1 Swelling

Swelling, or edema, is a natural inflammatory reaction of the body to an injury. It
involves the enlargement of organs, skin, or other body structures due to excessive

build-up of fluid in the tissues. This build-up occurs due to damage to the small blood

vessels (capillaries), which leak fluid into the surrounding tissue resulting in increased
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blood flow inside the thigh. This rush of warm blood causes redness, heat, and
swelling. This build-up of fluid can lead to a rapid increase in weight over a short
period of time. Pressure from the swelling and the accumulation of immune cells,
along with the destructive chemicals released by the cells, irritate local nerve endings,
and cause pain. Swelling can occur throughout the body (generalized) or it may be
limited to a specific part of the body (localized) such as to the thigh due to a femoral

shaft fracture.

7.2.1.1 Localized swelling

Possible causes of localized swelling are as follows:

e Injury: Any physical damage to the body caused by violence or accident or
fracture etc, such as in case of a femoral shaft fracture, due to significant loss of

blood into the muscles of the thigh.
e Infections etc

In consultation with orthopaedic surgeons, it was discovered that, since operative
treatment causes further trauma to an injury, therefore in the case of isolated fractures
delayed nailing is necessary to prevent blood infection and further vascular
destruction to injured tissues. This reduces the possibility of inactivating the biology
of fracture repair, which leads to delayed union or to non-union. Hence, immediately

after the fracture [22]:
e The patient’s leg is kept in an elevated position to avoid further swelling

e Wait for 48-72 hours to see if the patient develops any fever, which is indicative
of infection. In the case of fever, the surgeon will wait until the fever goes away

before surgery.

e A blood test is taken and the surgeon waits until the white blood cell count returns

to normal.

However, in the case of open fractures, [22] early nailing is recommended, such as
A.P. Whittle [22] suggest that immediate nailing does not significantly increase the

risk of infection, and all such cases should be treated within 8 hours of injury. Groose
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et al [151] have demonstrated that open femoral fractures treated by immediate or
early (i.e. within a few hours of injury) intramedullary nailing have a low overall
complication rate and a very low infection rate. Therefore, early intramedullary

fixation is a safe and efficient method of treating open femoral shaft fractures.

Femoral shaft fractures are usually high energy injuries, often associated with
multiple injuries [49]. However, in case of multiple trauma patients, contradictory
views are found in the literature about the timing of intramedullary fixation [22]. In
the past, early fracture fixation was believed to be important as one of the major aims
is rapid stabilization of their extremity injuries. Bone ef a/ [152] found a high rate of
pulmonary complications in patients who had delayed stabilization of fractures. In
summary, the majority of studies in 1980s proposed early fracture stabilization as
beneficial for multiple trauma patients. Recently, Susan et al [153] reviewed 1362
patients with a femoral shaft fracture over a 12-year period and reported that early
femur fracture fixation (i.e. within 24 hours of injury) is associated with an improved
outcome, even in patients with coexistent head and/or chest trauma. Whereas, fixation
of femur fractures at 2 to 5 days was associated with a significant increase in
pulmonary complications, particularly with concomitant head or chest trauma, and
length of stay. Therefore, the author concluded, chest and head trauma are not

contraindications to early fixation with reamed intramedullary nailing.

However, some recent reports suggest patients with more severe head injury, high
Injury Severity Score (ISS) may get poorer outcomes if treatment of their
musculoskeletal injuries includes early surgical intervention. Fakhry et al [154]
reviewed 2805 patients with femoral fractures and divided them into 2 groups
according to ISS i.e. ISS less than 15 or ISS greater than 15. In patients with ISS
greater than 15, surgery within 1 day after trauma was associated with 3.8% mortality
rate, while in patients operated 2-4 days after injury, mortality was 1.8% and in the
group operated more than 4 days, mortality rate was 1.5%. It was also found that in
the subgroup of patients with severe chest injury, mortality was as high as 4.6% in
patients operated on day 1, while no patient died, even with severe chest injury, in the
group of patients operated 2-4 days, or later, after the trauma. Pape ef al [155] found a
high incidence of Acute Respiratory Distress Syndrome (ARDS) in patients with

chest trauma and early IMN of femoral fracture. In a group of patients with
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comparable chest trauma but delayed femoral fracture fixation, the incidence of
ARDS was low. The author concluded that the combination of multiple trauma chest

injury and early reamed IMN is associated with higher risk of ARDS.

In the light of the above discussion and recommendations made in [22] and by the
consultant orthopaedist Mr. G. Taylor, guidelines regarding the time frame for

femoral shaft treatment can be summarized as follows:

Type of fracture Recommended time frame for IMN
Isolated Within 7 days
Multiple Within 3 days
Open Within 12 hours

Table 7-13 General treatment guidelines for femoral shaft fractures using IMN.

Consultation with orthopaedic surgeons revealed that swelling usually subsides in
around 2 weeks, therefore in light of the treatment guidelines swelling influence on
leg size during surgical procedure must be taken into account. This has been
accomplished by using rough guidelines about swelling obtained from orthopaedic
surgeons, according to which the maximum % enlargement, caused by swelling, with
respect to normal upper leg dimensions in width and depth for different patient

physiology is approximately twice the circumference. Since,
Circumfere nce = m.diameter

In this case width/ depth can be considered as diameter, therefore in order to take into
account the worst case scenario, maximum depth and width dimensions shown in
Figure 7-28 will become twice the normal. For robustness purposes, wide ranges of
depth and width were established by keeping the minimum depth and width

dimensions the same as when the leg is not swollen. Dimensional requirements for the

calibration frame design are shown in Figure 7-29.
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D (32-110)mm

W (51-174) mm

Figure 7-29 Calibration frame dimensional requirements.

7.3 Design of a modular calibration frame

A group of final year Undergraduate students (David er a/ [156]) were given the task
of redesigning the[ calibration frame to eliminate the associated problems of the

existing design. These include:

e Design is only suitable for use on the right leg.

e Stainless steel attachment makes the calibration frame heavy, increasing

deflection of the external support arm and loading on the patient.

¢ Results obtained from CAD modelling of the intramedullary nail have shown that

optimum results were obtained when angle ¢ is around10°. Therefore, it is
required to design the calibration frame such that ¢ ~10°is always obtained while

positioning the calibration frame to acquire desired X-ray images.
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The modular calibration frame designed by David ef al [156] is shown in Figure 7-30.

Details about the calibration frame design can be found in [156].

AP block

Lateral block”

Figure 7-30 Assembled modular calibration frame [156]

The lateral block should be against the leg to achieve the desired X-ray image and

must always be centred around the centre of the femur as shown in Figure 7-31.
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Calibration frame

AP Block

Image

X-ray ;
Intensifier

Source

Figure 7-31 Desired patient position during the Lateral image acquisition.

Therefore, the fiducial area requirement of the Lateral block was derived in the light

of the results obtained in Section 7.1, as swelling has no effect on this. However, the
distance between the Lateral and AP blocks i.e. “Hyx™ (shown in Figure 7-32) is
governed by the leg dimensions in the swollen condition. This is because the
underside of the AP block must be at a distance above the centre of the Lateral block
to sufficiently accommodate the tissue above the femur when swollen. It should be
noted that calibration frame has been designed in such a way that during image

acquisition the centre of the Lateral block is nearly in alignment with the

intramedullary nail.
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[ AP Source Plate
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Lateral XRII Plate
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Co-ordinate System

!
[

Figure 7-32 Separation between Lateral and AP plates along the X-axis.

Furthermore, the fiducial area of the AP block needed determining as swelling affects
this significantly. Based on the dimensions obtained for the distal femur section
(shown in Figure 7-29), the length of the AP calibration plates accommodate the
target population was determined. Two configurations, “Medium™ with length of 130
mm and “Large” with length of 190 mm, were proposed to accommodate the middle
50% and 95% population respectively. Both configurations have a uniform width of
90 mm (obtained from analysis presented in Section 7.1). The layout of the fiducials
was then optimised for the available area of the calibration plates as shown in the

following section.

7.4 Proposed fiducial layout

In order to allow ease of manufacture and to reduce manufacturing cost, it was
decided to use fiducials (ball bearings) of the same diameter throughout the
calibration frame. Hence, spacing between fiducials was used to uniquely identify
each individual fiducial. It should be noted that the diameter of the ball bearings was
kept at 2mm as, due to distortion large balls appear oval rather than circular in the X-
ray image, thereby making it difficult to determine accurately the image centre. The

diameter of the balls was therefore kept as small as possible, while ensuring that the
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balls will be able to produce sufficient X-ray absorption to ensure their visibility in

the image.

7.4.1 Fiducial layout for Lateral calibration plates

During the Lateral view image acquisition, irrespective of patient physiology, the
calibration frame will be positioned such that the intramedullary nail will lie
approximately in the centre of the calibration plates as shown in Figure 7-31.
Therefore the Lateral view fiducial layout will be uniform, unlike that of the AP view
for all patient physiologies. To assist operating theatre personnel in positioning of the
nail around the centre of the calibration plates, a 24mm region in the middle of the
Lateral calibration plates was kept clear of fiducials. The distance of 24mm was
derived using existing Lateral view X-ray images to ensure placement of the largest
available nail (i.e. diameter of 14mm) without occluding any of the fiducials. This
arrangement is helpful in determining the distance along the X-axis between the
Lateral calibration plates and the AP Source calibration plate (Hy in Figure 7-32). that
can take into account different patient physiology (dimension D in Figure 7-29). In
this way the distance between the intramedullary nail axis and the AP Source
calibration plate will almost always remain the same thereby resulting in uniform
magnification of the nail irrespective of the size of the patient’s thigh in the AP view
image. Therefore, fiducial layout for the Lateral calibration plates was designed in the
light of the results obtained from Section 7.1. The fiducial layout for the Lateral

calibration plates is shown in Figure 7-33.
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O Fiducials belonging to Lateral Source plate (Diameter = 2mm).

Figure 7-33 Fiducial layout for Lateral calibration plates.

In Figure 7-33, it should be noted that for:
Lateral XRII plate: Both horizontal and vertical spacing were kept at 10mm

throughout.

Lateral Source plate: Any change in horizontal and vertical spacing from 9 mm to

11 mm is specified.

It should be noted that in the Lateral view both fiducials on the XRII plate (i.e. A and

B as shown in Figure 8-1) are surrounded with Source plate fiducials having a unique

spacing of 11 mm and will be used as reference markers.
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7.4.2 Fiducial layout for AP calibration plates

In the light of the results obtained from Section 7.1 and Section 7.2, fiducial layout for
the AP calibration plates for the medium and large calibration frames is shown in

Figure 7-34 and Figure 7-35 respectively.
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Where,
©  Fiducials belonging to Lateral XRII plate (Diameter = 2mm).
© Fiducials belonging to Lateral Source plate (Diameter = 2mm).
* All dimensions are in mm.

Figure 7-34 Fiducial layout for AP calibration plates (Medium frame).




2
wn
N

Design of a robust calibration frame

“ ( X-50,Y,Z )
= ‘T ; _,(_[) (& ] o o Y‘—f?:_..( X.Y+4,7+4)
1 o o (=] =) I = E—
E 14 —>] A
o o o o & 18
o © o ©
o o o o o o 14
=11 —die—15—>
© © © o .
o o (@} (@] o o -
=1 —Dle—15—>|
e 10 o © o X
) @) © o 10
11 —ﬁ—ﬂ;—a?
e (e} (o) © o—X
o o o o o o 14
© o o (o) o—F
1 56 o o o o o @) 14
() © o (o) - L
o o o o o o 14
o o o o o—F
o o o o o o 10
o o o © o X
[ 15—~y 1 12
o o (&) o o o
© © o o o f
- 14
- S 15 =R, o o
o ) o o) o—F
[ 45 —Pi— 4>
o O ¥ oy Mg o o | 18
o o o o o—Y
JL—T o o o o cla
== 65 i
Where,
©  Fiducials belonging to AP XRII plate (Diameter 2mm).
O  Fiducials belonging to AP Source plate (Diameter = 2mm).
* All dimensions are in mm.

Figure 7-35 Fiducial layout for AP calibration plates (Large frame).

In Figure 7-34 and Figure 7-35, it should be noted that for:
AP Source plate: Vertical spacing is kept at 13mm throughout; whereas, any change

from 13mm in horizontal spacing is specified.

AP XRII plate: Horizontal spacing is kept at 14mm throughout; whereas, vertical

spacing is varied from 10 to 16mm, in order to achieve unique identification of the

fiducials.
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7.5 Summary

In order to make the calibration frame robust, a comprehensive redesign was
proposed. At first an optimal number of fiducials and their spatial distribution
necessary to provide the required accuracy of 1mm and1°were determined using
existing X-ray images. During the second stage dimensions of the calibration frame
that will make it suitable to be used for a target population (middle 95% of the
population) were determined. To accomplish this task. cross sectional images of the
upper leg and anthropometric data were used to determine the maximum and
minimum dimensions of the leg at the distal section across the target population.
These dimensions were then adjusted to take into account the worst case of swelling.
Towards the end of the chapter. two calibration frames configurations namely
“Medium™ and “Large” are proposed to accommodate the middle 50% and 95%

population respectively. In the next chapter, image analysis protocol and accuracy

evaluation of the proposed calibration frame are discussed.
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Image analysis and accuracy evaluation of the proposed calibration frame

8 Image analysis and accuracy
evaluation of the proposed

calibration frame

In laboratory trials, two nearly orthogonal (Lateral and AP) X-ray images of the distal
end of the intramedullary nail were taken with the calibration frame in position as
shown in Figure 4-1 and Figure 4-2 respectively. Since use of reference markers has
been abandoned. therefore extensive modifications were required to fiducial
recognition program. Section 8.1 and 8.2 provides description of Lateral and AP view

image analysis respectively.

8.1 Image analysis protocol for Lateral calibration plates

Once a Lateral view image was acquired, it was divided into two regions using the

nail location as shown in Figure 8-1.

© Fiducials belonging o Lateral XR1l plate (Diameter = 2mm)

O Fidudials belonging to Lateral Source plate (Diamater = 2mm)

I Upper
) (6] @ o ® region

o o o o o o o X oi Lower
i L~ |
i o e o 8 o o \o—L i fegion

o (o] (o] = *.E—“'
| fo—13—f [ﬁ—"—i ;

4

* All dimensions are in mm

Figure 8-1 Division of fiducials on Lateral calibration plates into two regions.
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This has been accomplished as follows:

e Once a Lateral X-ray image (shown in Figure 8-2) was acquired, locations of all
pixels with grey level values greater than zero was determined to get rid of the
dark background i.e. cropping part of the image which is of interest i.e. contains

calibration markers as shown in Figure 8-3.

¥

180 a0 =0 £ 360 400 50 500

Figure 8-3 Cropped Lateral view image
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Now in order to determine the location of the nail, mid region of Figure 8-3 was

cropped (shown in Figure 8-4) using the image size along x and y axes.

Figure 8-4 Cropping of the image to obtain nail’s location

Thresholding was applied to binarize the image. The binary image was then

inverted, so that all the fiducials and nail becomes white i.e. having a value of 1.

Then, objects within the inverted binary image were labelled on the basis of

connectivity, and their properties i.e. area and bounding box were determined.

The objects were then sorted in descending order based on their area (pixels), with
ideally the nail having the largest area among all objects. However, use of area
alone in presence of external objects (as shown in Figure 8-5) can cause error in
nail’s location. Therefore, starting point of objects bounding box was also used in
addition to area. Initially, fiducials within the cropped region were discarded
based on their area, then if only one object was left (as in Figure 8-4) it was
classified as nail, whereas if two or more objects were left (as in Figure 8-5 ) then
y-coordinate of each object bounding box’s starting point was compared with y-

coordinate of cropped region’s centre (shown in Figure 8-5b).

Object whose bounding box’s starting point lies nearest to the cropped region’s centre

along y-axis was classified as nail.
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Figure 8-5 (a) Lateral view image with external object (b) Cropped region to obtain nail’s

location

Based on the location of the nail, the fiducials on Lateral calibration plates were then
divided into two regions i.e. upper and lower region as depicted by Figure 8-1. Then
in order to determine whether the acquired image is a useful image (i.e. image that
can be used to determine characteristic measurements described in chapter 4 to
determine drilling trajectory of the distal locking holes) or not, following checks were

carried out on the acquired image.

Check 1: Determination of number of visible fiducials in the Upper and lower region.
Check 2: Confirmation of presence of fiducials with unique spacings (i.e. Lateral
source plate fiducials with horizontal spacing of 13mm).

Check 3: Presence of fiducial overlapping.

The acquired image is not deemed suitable for processing if any of the above
mentioned checks fails and the user is asked to acquire image again until a useful

image is obtain.
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Check 1: Determination of number of visible fiducials in the Upper and lower

region

To determine location of the X-ray source using triangulation technique (described in
section 4.4), it is essential to have XRII and Source plate fiducials® visible in both
upper and lower region respectively. Any Lateral view image which fails to fulfil this
criterion, for example image shown in Figure 8-6 does not fulfil this criteria for the
upper region, was discarded and the user was asked to acquire image again. However,

if the acquired image passes check 1, then check 2 was carried out.

Figure 8-6 Discarded Lateral image due to insufficient number of fiducials.

Check 2: Confirmation of presence of fiducials with unique spacings

Since spacing between fiducials was used for unique identification of each fiducial. In
order to carry out fiducial recognition, it was therefore essential that fiducials with
unique spacings are visible in both regions. Any Lateral view image which does not

fulfil this condition, for example image shown in Figure 8-7 only contains fiducials
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with unique spacing in the upper region, was discarded and the user was asked to

acquire image again.

Figure 8-7 Discarded Lateral image due to absence of fiducials with unique spacing.

Check 3: Presence of fiducial overlapping

[t can be seen from Figure 8-8 that some fiducials in the upper region have although

not overlapped but are very close to each other, in such case fiducial recognition has

been carried out successfully as shown in Figure 8-8.
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4 Closely spaced fiduciai
Lateral XRII in the Lateral image
plate fiducials

Lateral Source
plate fiducials

Figure 8-8Lateral view image with fiducials very close to each other.

[t should be noted that for Lateral view image acquisition, X-ray imaging axis should
ideally be nearly perpendicular to calibration frame axis as shown in Figure 8-9;

otherwise sometimes fiducial overlapping may occur.

Calibration frame

Ideal orientation of X-ray imaging axis -
with respect to the calibration frame r

X-ray =

Source

Orentation of X-ray imaging axis
with respect to the calibration frame
may cause fiducial overlapping

Figure 8-9 X-ray imaging axis with respect to calibration frame for the Lateral image accusation

(Top view)
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Since overlapping of fiducial causes an error in determination of fiducial’s centre,
which in turn will result in loss of accuracy. therefore it is essential detect fiducial
overlapping. To accomplish this aim, at first all fiducials in the upper region were

identified as shown in Figure 8-10.

Line separator

Figure 8-10 Fiducial overlapping in Lateral view image

Then, number of fiducials along each line were counted and in case of an abnormality
(i.e. a line having fewer fiducials in comparison to an adjacent line, for example in
Figure 8-10 line3 only contains 4 fiducials in comparison to 6 of line2) the user was
asked to acquire image again by adjusting the C-arm with respect to the calibration
frame. However, 1if the acquired image passes this check in the upper region then

same procedure was repeated for the lower region.

Figure 8-11 Useful Lateral view image
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Once a useful image, for example shown in Figure 8-11 was obtained, fiducial

recognition was carried out in following manner:

Initially, each region has been assigned a reference marker (i.e. calibration marker
“A” and “B” in upper and lower region respectively) surrounded with unique spacing.
Initially fiducial recognition was carried out in the upper region (shown in Figure

8-12).
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Figure 8-12 Lateral image's upper region

Since spacing between fiducials was used for unique identification of each fiducial.
Therefore, at first the aim was to find fiducials with unique horizontal spacing of 13

mm on Source plate. This was accomplished as follows:

e Thresholding was applied to binarize the image; the binary image was then
inverted, shown in Figure 8-14, so that fiducials can be classified as objects.
Object properties such as area and circularity were then used to identify all visible

fiducials.

e Among the visible fiducials, distinction was made between XRII and Source plate
fiducials based on their area. Since Source plate lies closer to X-ray source in
comparison to XRII plate, therefore Source plate fiducials experience more
magnification than XRII plate fiducials. As a result area of Source plate fiducials

is slightly greater area than that of XRII plate fiducials.

e Once all fiducials belonging to Source plate were identified, their respective
bounding boxes were used to identify upper most left hand side fiducial as shown

in Figure 8-14. In order to ensure that selected fiducial belongs to Source plate,
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this fiducial was used as starting point to determine horizontal spacing (in pixels)
between horizontally lying consecutive fiducials while scanning from left to right
of the image. This scanning will continue until “unusual transition™ in spacing i.e.
from 9mm to 13mm was found along the line. However, if no “unusual transition™
in spacing was found then this fiducial was regarded as XRII plate fiducial. For

example, starting point shown in Figure 8-13 belongs to Source plate.

e Then fiducials lying immediately below (vert fiducial) and to the immediate right
(hor_fiducial) of starting point fiducial on the same calibration plate were located
as shown in Figure 8-13. These fiducials were then used to determine horizontal

and vertical spacings.

Starting point

/

oS ] .

Hor_fiducial
L ]

Vert_fiducial

Figure 8-13 Determination of horizontal and vertical spacings.

o These spacings were then used while comparing bounding box of the starting
point with those of all visible fiducials in the upper region to establish starting

point for each individual line in upper region as shown in Figure 8-14.
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Figure 8-14 Establishment of Starting points on Source plate.
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¢ Fiducial recognition along each line was accomplished (shown in Figure 8-15)
using its own starting point and spacings. The program uses this information to
establish central fiducial along each line. Then image was divided into sub-regions
and each fiducial was processed individually while scanning from central fiducial

of each line to the left and right of the image.

2
Reference marker "A”

# &
o @
* *®
—— L L B 1
L1 100 150 200 250 300 350 400 450 500

Figure 8-15 Fiducial recognition in Lateral view upper region.

It should be noted that if a line is missing (i.e. hidden beneath the nail or in close
proximity of the nail), for example in Figure 8-16 fiducials along XRII Line2 are
in close proximity of the intramedullary nail, which makes it impossible to detect
fiducial centre accurately along that line, in such case these fiducial’s centers were

assigned image coordinates (0,0).
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Figure 8-16 Fiducial recognition in Lateral view upper region when XRII_Line2 is in close

proximity of the nail.

e Similarly, fiducial recognition was carried out in the lower region of the Lateral

view image as shown in Figure 8-17.

Reference marker “B"

450

50 100 150 200 250 300 350 400 450 500

Figure 8-17 Fiducial recognition Lateral view lower region

Once fiducial recognition was completed, nail border detection (shown in Figure
8-18) and features that are used to determine the drilling trajectory i.e. the
angle A (shown in Figure 4-37) between the major axis of the distal hole’s oval shaped

projection and the nail axis or the dimensionless area of the distal hole projection, the

target point (which is the intersection of the distal hole axis and the nail axis) and the
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angle @ (shown in Figure 4-39) between the X-ray imaging axis and the nail axis

were determined in similar manner as described in chapter 4 for Lateral view image.
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Figure 8-18 Lateral view image analysis

8.2 Image analysis protocol for AP calibration plates

Once an AP X-ray image (shown in Figure 8-19) was acquired, locations of all pixels

with grey level values greater than zero was determined to get rid of the dark

background i.e. cropping part of the image which is of interest i.e. contains calibration

markers as shown in Figure 8-20.
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Figure 8-19 AP view image
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Figure 8-20 Cropped AP view image
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At first location of the nail was determined in similar manner as described for Lateral
view image. Based on the location of the nail, the fiducials on AP calibration plates
were then divided into two regions i.e. upper and lower region as depicted by Figure

8-21 and Figure 8-22 respectively.
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Figure 8-22 AP view lower region

Then in order to determine whether the acquired image is a useful image or not,
checks similar to that made on the Lateral view image were carried out on the
acquired image. The acquired image is not deemed suitable for processing if any of
the checks fails and the user is asked to acquire image again until a useful image is

obtain.

Since different horizontal spacings between Source plate fiducials was used for

unique identification of each fiducial. The aim was therefore to find line of fiducials
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belonging to the AP Source plate with unique horizontal spacing. For this purpose,

search was made from upper most visible line in the image and going downwards

until the aim was achieved. This was accomplished as follows:

At first thresholding was applied to binarize the image, the binary image was then
inverted, shown in Figure 8-14, so that fiducials can be classified as objects.
Object properties such as area and circularity were then used to identify all visible

fiducials.

The respective bounding box of all visible fiducials are then analysed to establish
initial starting point i.e. upper most left hand side fiducial in upper region (shown

in Figure 8-23).

50 88 Initial starting point
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Figure 8-23 Selection of initial starting point

In order to identify which calibration plate this fiducial belongs. the line
containing the starting point fiducial was analysed to determine number of visible
fiducials along this line. As presence of six fiducials along the line will indicate
that starting point fiducial belongs to the AP Source plate (as in Figure 8-23).
However, if there are five or fewer than five fiducials are present (shown in Figure
8-24) than this line can belong to either Source or XRII plate. In such cases,
horizontal spacing between consecutive fiducials along a line was determined
until an “unusual transition™ in horizontal spacing was found as shown in Figure

8-24. The extreme left hand side fiducial of that line was then chosen as starting

point.
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Figure 8-24 Selection of starting point

Once starting point on the AP Source plate is selected, it needs to be determine
which line of the Source plate this starting point belongs to. For this purpose at
first horizontal spacing between consecutive fiducials along the line containing
starting point was determined. If no “unusual transition™ in horizontal spacing was
found (as in case of Figure 8-23), then it was classified as Line 1 of the Source
plate (refer Figure 8-23 ). However, if an “unusual transition™ in horizontal
spacing was found (as in Figure 8-24) then it can either be Line 2, 3 or 4 as these
lines have similar fiducial pattern. In such case, horizontal spacing between
consecutive fiducials along lines lying immediately above and below the selected
line (i.e. line containing the selected stating point) was analysed to distinguish
between line 2, 3, and 4 as shown in Figure 8-25. For example, for Figure 8-24
when line lying immediately above the selected line was analysed., no unusual
transition in horizontal spacing was found which indicates that the selected line is

line 2 of the Source plate.

Horizontal spacing between consecutive
fiducials along line lying immediately | Line2 ,3or4 »
above the selected line

Horizontal spadng between consecutive
fiducials along line lying immediately
below the selected line

: | 3 4
Unusual transition Unusual transition s s Unusual fransition Unusual transition
elected line is Line 2
found not found found not found

;{Ealected line & Line 3}6

**’ISeleaed ImeSLlneiijl'-L e

Figure 8-25 Distinction between line 2, 3 or 4 of Source plate

w
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Once the line containing the starting point on the Source plate was identified,
central fiducial of that line was determined. The program uses this information to
establish central fiducial along each line. Now fiducial recognition along each line
was accomplished (as shown in Figure 8-26) by dividing image into sub-regions
and each processing each fiducial individually while scanning from central
fiducial of each line to the left and right of the image. Once fiducial recognition
was completed, nail border detection (shown in Figure 8-26) was carried out in

similar manner as described in chapter 4 for the AP view image.
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Figure 8-26 AP view image analysis with starting point chosen in upper region

However if distinction can not be made between line 2.3 or 4 due to line

immediately above and/or below the selected line being invisible due to presence
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of nail or positioning of the calibration frame with respect to C-arm as shown In

Figure 8-27.
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Figure 8-27 Selection of starting point from lower region.

For example, in Figure 8-27 initial starting point is chosen on XRII plate, however
then as described earlier a starting point was established on Source plate as shown in
Figure 8-27. The starting point was selected along a line with unusual transition;
however distinction can not be made whether it is line 3 or 4 as line immediately
below it also has unusual transition, whereas line immediately above this line is
invisible. In such case, lower region of the image was analysed to establish the
starting point (shown in Figure 8-27). At first, upper left most fiducial was chosen as
an initial starting point. Then horizontal spacing between consecutive fiducials along

each line was determined until a line with unusual transition in horizontal spacings
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was found. Unique identification of Source plate line was then obtained by carrying

out checks similar to those of described above.

Once unique identification of Source plate line was obtained rest of the AP image

analysis (shown in Figure 8-28 ) carried out in similar manner as described above.
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Figure 8-28 AP view image analysis with starting point chosen in lower region,

8.3 Accuracy evaluation of machine vision system using

proposed calibration frame

Accuracy evaluation of the machine vision system for proposed calibration frame was
carried out using theodolite measurement in similar manner as described for
I" calibration frame in chapter 6. During laboratory trials, in order to cover the range
of intramedullary nails used during distal locking procedure two cylindrical nails of

14mm and 1 1mm diameter containing two distal holes of 7mm and 5.3mm diameter
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respectively were used in conjunction with specially designed test rig (shown in

Figure 8-29).

Figure 8-29 Nail and calibration frame set-up during laboratory trials.

For theodolite measurement, two Sokisha DT5 theodolites, with single frame

attachment, were used as shown in Figure 8-30.

-SORIShaDT5 Theodolites

Figure 8-30 Theodolite set-up for optical measurement during laboratory trials.
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The results obtained for small cylindrical nail (i.e. nail with nail diameter of | Imm
and distal hole diameter of 5.3mm) from laboratory trials are summarized in Figure
8-31. The corresponding numbers in Figure 8-31(a) and Figure 8-31(b) represent the
entry and exit points respectively for the various drilling trajectories. Analysis showed
that a mean positional error of 0.75mm (worst case being 1.10 mm, as depicted by
trajectory 6) and mean angular error of 0.92° (worst case being1.22°, as depicted by
trajectory 4) were obtained. These values were considered acceptable for inserting a
guide wire of 2.5mm diameter into the distal locking hole of 5.3mm diameter and the

subsequent screw insertion.

Maximum allowable
excursion of drll axis

—2.8mim——-—>

[—————— 5 3Immr———————»

(a) Entry point for drilling tmjectory at the distal locking hole

—2 8mnr—————»

< 5.3mm— >

(b) Exit point for drilling trajectory at the distal locking hole

Figure 8-31 Results obtained for small eylindrical nail during accuracy evaluation of the machine

vision system.
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The results obtained for large cylindrical nail (i.e. nail with nail diameter of 14mm
and distal hole diameter of 7mm) from laboratory trials are summarized in Figure
8-32. The corresponding numbers in Figure 8-32(a) and Figure 8-32(b) represent the
entry and exit points respectively for the various drilling trajectories. Analysis showed
that a mean positional error of 0.68mm (worst case being 1.02 mm, as depicted by
trajectory 3) and mean angular error of 0.90° (worst case being1.17°, as depicted by
trajectory 4) were obtained. These values were considered acceptable for inserting a
guide wire of 2.5mm diameter into the distal locking hole of 7mm diameter and the

subsequent screw insertion.

e

Maximum allowable
excursion of dall axis

4.5mm —

- Tmm >

Entry point for drilling trajectory at the distal locking hole

Exit pont for drilling trajectory at the distal locking hole

Figure 8-32 Results obtained for large cylindrical nail during accuracy evaluation of the machine

vision system.
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8.4 Robustness evaluation of Machine vision system for

clinical use

Having established the required accuracy for successful drilling of distal locking hole
during laboratory trials, more realistic trials using flesh covered sheep femur were
conducted in order to evaluate the robustness of the machine vision system during
clinical use. For this purpose, distal end of an intramedullary nail of 11mm diameter
with distal locking hole diameter 5.3mm, was inserted into a sheep femoral canal as

shown in Figure 8-33.

(a) Front Qiew (b) Back view

Figure 8-33 Insertion of distal end of the nail into sheep femur.

It can be seen from Figure 8-34 that introduction of flesh-covered femur in X-ray
image has influenced the image contrast with the edges of the image considerably

brighter than the rest of the image due to geometry of the femur, which is thicker

towards the middle.
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(a) Lateral view (b) AP view

Figure 8-34 X-ray images acquired with flesh-covered sheep femur.

Therefore, in order to minimize influence of contrast variations across the image.
slight modification was made in image analysis protocol for both Lateral and AP view

image. This modification is discussed below.

After image acquisition, once the X-ray image was divided into two regions (i.e.
upper and lower regions) based on the location of the nail as described in section 8.1
and 8.2 for Lateral and AP view image respectively). each region was further cropped
to only include area of the calibration plate covered by the fiducials. For upper region
this was accomplished by analysing the bounding boxes of all fiducials and
determining the location of upper most fiducial and fiducials on the extreme right and
left hand side of the upper region. This information was then used for further cropping

of the image, for example as shown in Figure 8-35 for the AP view image.
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Figure 8-35 (a) Initially cropped upper region (b) Further cropping of the upper region

Similarly, for lower region, location of the lower most fiducial and fiducials on the
extreme right and left hand side of the lower region was determined. This information
was then used for further cropping of the image. for example as shown in Figure 8-36

for the Lateral view image.

Figure 8-36 (a) Initially cropped lower region (b) Further cropping of the lower region.

Rest of the image analysis were carried out in similar fashion as described in section
8.1 and 8.2 for Lateral and AP view image respectively. Figure 8-37 and Figure 8-38
depicts the image analysis performed on Lateral and AP view X-ray images

respectively.
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Figure 8-37 Image analysis on the Lateral view image.

Figure 8-38 Image analysis on the AP view image.
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Results from laboratory tests (summarized in Figure 8-39) showed that a mean
positional error of 0.92mm (worst case being 1.17 mm, as depicted by trajectory 3)
and mean angular error of 0.98° (worst case being1.18°, as depicted by trajectory 6)
were obtained. These values were considered acceptable for successful drilling of
distal locking hole and the subsequent screw insertion as shown in Figure 8-39. It is
also evident from Figure 8-39 that almost similar accuracies to those shown in Figure
8-32 and Figure 8-31 are obtained when the nail is inserted in a flesh-covered sheep
femur, hence shows the robustness of the machine vision system used and is an

indication of its suitability for clinical application.

Maximum allowable
excursion of drll axis

+—2 Emm———»

[—— 5. 3 mm——————

(a) Entry point for drilling trajectory at the distal locking hole

—— 2 8mim—————»

< 5.3mm »

(b) Exit point for drilling trajectory at the distal locking hole

Figure 8-39 Results obtained during accuracy evaluation of the machine vision system for clinical
use.
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Phillips ef al [116] at Hull University have reported a mean positional error and a
mean angular error within 0.3mm and 0.2° respectively. Although the accuracy
achieved by the Hull system is better compared to the LOAS results, the image
analysis protocol and system set-up are user-dependent. The system requires the
surgeon (or user) to manually select some features on the intraoperative Lateral and
AP images, and most importantly it requires optical tracking equipment which results
in a more involved and time consuming set-up. The LOAS reduced accuracy, which is
acceptable for distal locking of intramedullary nails, is a result of a simplified
(practical) system which involves the use of a I" shaped calibration frame instead of a
frame which fits around the leg. That is, the increased errors are mainly due to the
adopted extrapolation technique instead of the preferred, but practically difficult to
implement, interpolation technique. It should also be noted that image intensifier used
during this research for acquiring X-ray images during laboratory trials is fairly old
(around 15 years old), therefore it presented an ideal opportunity to evaluate the

robustness of the system.

8.5 Summary

At the beginning of this chapter machine vision system developed for proposed
calibration frame is described in detail. Then, in order to evaluate the robustness of
the machine vision system using proposed calibration frame during clinical use,
realistic trials using flesh-covered sheep femur were conducted. For this purpose,
distal end of an intramedullary nail was inserted into a sheep femoral canal. Based on
the results obtained from the laboratory trials presented in this chapter, it has been
shown that the proposed system provides the accuracy required for successful
insertion of distal locking screws. Therefore, the outcome of the procedure will be
improved as the system has the potential to reduce the occurrence of screw

misplacement, as demonstrated by Figure 8-32, Figure 8-31 and Figure 8-39.



Conclusions and Future Work 286

9 Conclusions and Future Work

9.1 Conclusions

In order to provide clinically acceptable solutions to the research problems identified
in Section 1.4 the current thesis has proposed the use of an Automated X-ray machine
vision system based upon X-ray photogrammetry principles. This system minimises
the changes to current surgical procedures and takes into account the physical
constraints of the operating theatre, adopting a novel approach based on the use of a
calibration frame in conjunction with offline modelling of the nail. It should be noted
that photogrammetric reconstruction is usually a time consuming process, therefore
the key to the successful implementation of the proposed system is the acquisition and

quick analysis of intraoperative X-ray images.

Having inherited a digital X-ray photogrammetry system (LOAS), the calibration
frame design and software modules have subsequently been developed in order to
meet the clinical requirements of the osteosynthesis procedure targeted in this thesis.
Although this research was restricted to in vitro laboratory trials, clinical requirements
such as anatomical compatibility and compliance with surgical sterility have been
fully addressed. The following section provides an evaluation of the main stages of

this thesis.

9.1.1 Modelling of the IMN

Look-up tables (LUTs) are used to determine the rotation of the nail about its long
axis@. These LUTs are obtained by off-line CAD modelling of nails of different
shapes and dimensions. These LUTs were used in conjunction with machine vision

system to determine the drilling trajectory of the distal locking holes.

Accuracy evaluation of the nail model in the laboratory was carried out using a

specially designed test rig. This test rig was used to physically simulate different nail




Conclusions and Future Work 287

orientations using combinations of angles ¢ and @. Using the test-rig the nail was

rotated by a known angle @ . so that # values obtained by using the nail model in
conjunction with the X-ray image analysis can be compared with the true value of 4.
Analysis has shown that the rotation @ of the nail was predicted with a mean
aceuracy of (.22° (worst case being 0.49°). The adopted off-line modelling of the
nail to generate look-up tables reduces the length of time for the computation of the
drilling trajectory and thus has the potential for reducing the overall time required for
the surgical procedure. Furthermore, this approach allows modelling of any shape of
intramedullary nail accurately; therefore nails from different manufacturers can be

modelled.

9.1.2 Automated machine vision system

In order to perform the photogrammetric reconstruction process, two sets of accurate
input data are required, i.e. the real-world (millimetres) coordinates of the fiducial
markers on the calibration frame, and their corresponding image (pixels) coordinates.
Given the obvious time constraints associated with an intraoperative application, in
particular the need to avoid prolonging the surgical procedure. the extraction of this
image data must be performed with the minimum possible level of user intervention.
The image analysis protocol has therefore been fully automated to make the vision
system user independent and very efficient in terms of time taken to determine the
drilling trajectory. Analysis has shown that once Lateral and AP x-ray image
acquisition is performed, around 20 seconds are taken for computation of drilling
trajectory of the distal locking hole. This time is considerably smaller than time taken
using traditional free hand technique using perfect circle approach, which ranges
between 1.61mins to 4.64 mins as reported by Sanjeev et al [13], Coetzee et al [89]

and Muller et al [93] respectively.

A potential problem with the LOAS is the appearance of one or more of the opaque
markers (embedded in the calibration frame plates) within or on the edge of the oval
shaped distal hole projection. An automatic technique has been implemented which
removes the effect of such markers in computing the area of the oval and the angle
between the major axis of the oval and the nail axis, both of these measurements

being necessary for derivation of the drilling trajectory. This technique has
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successfully eliminated the need for repositioning the calibration frame or using a

smaller number of opaque markers.

A graphical user interface (GUI) has been developed that assists and updates the user
throughout the procedure. It has also been shown that the automated vision system is
very robust in the presence of variable noise and contrast in the X-ray images and in

terms of variable magnification.

9.1.3 Design of a robust calibration frame

For robustness purposes the existing I” calibration frame has been redesigned. At first
an optimal number of fiducials and their spatial distribution necessary to provide
required accuracy of / mm and 1° are determined using existing X-ray images. During
the second stage dimensions of the calibration frame that will make it suitable to be
used for the target population (middle 95% of the population) were determined. To
accomplish this task, cross sectional images of the upper leg and anthropometric data
were used. These dimensions were then adjusted in light of recommendations made
by orthopaedic surgeons to take into account worst cases of swelling. Initially based
on different physiologies two calibration frames are proposed namely “Medium™ and

“Large™ to accommodate the middle 50% and 95% population respectively.

Complexity of the fiducial recognition software during image analysis is directly
related to the image being scanned and therefore, from the software viewpoint, a
carefully designed fiducial pattern can greatly simplify the image analysis process.
Keeping in mind that there is a need to uniquely identify each fiducial marker
appearing within the field-of-view, reference markers with unique horizontal and/or
vertical spacings are used. Initially a search of reference fiducial markers is therefore
performed based on the spacings between consecutive fiducial markers. Identifying
the locations of these reference markers allows the “predicted” locations of the

remaining fiducial markers to be calculated.

9.1.4 Computation of drilling trajectory

Theodolites were used for accuracy evaluation of the LOAS during laboratory trials.

In order to cover the wide range of possible nail orientations likely to be encountered




Conclusions and Future Work 289

during the surgical procedure, a specially designed test rig, shown in Figure 6.3, was
used in laboratory trials to simulate different rotations @ of the nail about its own axis.

This was carried out with the nail at different orientations ¢ with respect to the X-ray

imaging axis.

Having established the required accuracy for successful drilling of a distal locking
hole during laboratory trials (see Section 6.2 and Section 8.3), more realistic trials
using a flesh covered sheep femur were conducted in order to evaluate the robustness
of LOAS in clinical environment. Analysis showed that a mean positional error of
0.92mm and a mean angular error of 0.98°were obtained in planning the drilling
trajectory for the insertion of distal locking screws for different orientations of the
nail. These values are considered acceptable for successful drilling of distal locking

hole and the subsequent screw insertion

In summary, aims of this thesis outlined in Section 1.5 have been met, as the LOAS
has the potential of reducing significantly the X-ray irradiation during distal locking
procedures, while the outcome of the procedure will be improved as the system has
the potential to reduce the occurrence of screw misplacement, as demonstrated in
Chapter 6 and Chapter 8 respectively. Additionally the LOAS has the potential to
reduce the surgical time and to make the procedure more consistent, irrespective of

variations in the skill levels and experience of clinical staff.

9.2 Contributions

e The adopted off-line modelling of the nail to generate look-up tables reduces
the length of time for the computation of the drilling trajectory and thus has

the potential for reducing the overall time required for the surgical procedure.

e The outcome of the procedure will be improved as the system has the potential
to reduce the occurrence of screw misplacement, as demonstrated by results

from laboratory trials.

e The vision system is user-independent as all the steps involved during image

analysis are fully automated, thereby making outcome of the procedure more

consistent.
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» It has also been shown that the LOAS is very robust in the presence of variable
noise and contrast in the X-ray images and in terms of variable magnification,

thus making it suitable for clinical use.

e The newly designed calibration frame can accommodate wide range of patient

physiologies.

9.3 Future work

In the light of the results obtained from in virro laboratory trials following

recommendations are made.

9.3.1 Proposed Calibration frame configurations

The calibration frame used during laboratory trials employs a spacing of 50 mm
between the XRII and Source plates for both Lateral and AP views. In an attempt to
improve the overall accuracy of the system, an increment in the spacing between the
XRII and Source calibration plate can be explored as, theoretically, increased plate
separation should result in better accuracy. This is because a given image point error
in pixels yields a calibration plate intersection point error in millimetres, depending
on image magnification, as described in Section 3.5.1. An increment in plate
separation will result in the Source plate being closer to the X-ray source causing an
increase in the pixel/mm ratio. Hence an increase in the plate separation should
decrease the reconstruction errors associated with the Source plate, whereas errors
associated with the XRII plate remain the same due to the location of the XRII plate

being unchanged.

It should also be noted that in order to obtain better reconstruction accuracy, more
fiducials should be visible in the X-ray image i.e. to avoid fiducial occlusion, as
shown in Figure 3-38. To accomplish this task during image acquisition it is essential
to obtain angular alignment of the C-arm X-ray imaging axis with planes of the
calibration frame i.e. X-ray imaging being nearly at 90° to the calibration frame. It can
be seen from Figure 4-2 that, for the AP view image acquisition, the X-ray image
intensifier lies in close proximity to the AP block, thereby making it relatively easier

to obtain the angular alignment between the X-ray imaging axis and the calibration
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frame. Conversely for the Lateral view image acquisition shown in Figure 4-1, due to
the design of the calibration frame, the X-ray image intensifier lies slightly away from
the Lateral block, thereby making it more difficult to obtain angular alignment

between the X-ray imaging axis and the calibration frame.

For this purpose, the modular calibration frame (shown in Figure 7-30) can be used to
evaluate the influence of different spacings between XRII and Source plates on the
overall system accuracy. In the light of the above discussion, the following modular

calibration frame configurations, shown in Figure 9-1 are proposed.

a. (Lat-50, AP-100) implies plate spacing of 50 mm and 100 mm for Lateral and
AP block respectively.

b. Standard (Lat-100, AP-100) implies plate spacing (spacing between XRII and
Source plate) of 100 mm for both Lateral and AP blocks.

As described earlier, it is difficult to obtain angular alignment between the C-arm X-
ray imaging axis with planes of the calibration frame i.e. X-ray imaging being nearly
at 90° to the calibration frame during the Lateral image acquisition in comparison to
the AP image acquisition. Therefore, excessive repositioning of the calibration frame
may be required to acquire the desired Lateral X-ray image if 100mm spacing
between calibration plates is used. Therefore the configuration of (Lat-50, AP-100) is

proposed as a compromise for ease of use.

AP 100 AP 100

Lat 50 Lat 100

* All dimensions are in mm.

Figure 9-1 Proposed modular calibration frame configurations.

It should be noted that the use of a modular calibration frame is ideally suited to

laboratory trials; however this design is not suitable for clinical use as over time,
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frequent attachment and detachment of the Lateral and AP blocks can result in a
change in the relative positions and orientations of the blocks i.e. accurate knowledge
of the fiducials on the calibration frame may be lost, reducing the overall system
accuracy. Furthermore, assembling of the modular calibration frame using attachment
thumb screws, alignment rods and Lateral/AP blocks is time consuming and difficult
for operating theatre staff. Therefore, in order to achieve consistent accuracy and case
of use, a solid calibration frame (i.e. the Lateral and AP blocks permanently fixed to

the frame) is proposed for clinical use.
9.3.2 LOAS Commercialization

Commercialising the LOAS is a challenge and could be the emphasis of any further
work on this project. To accomplish this task the following issues need to be

addressed:

 The automatic machine vision system has been developed in a Matlab
environment, which is ideal for development purposes, however it is not suitable
for the commercial application purposes as a Matlab license is required. Hence
conversion of Matlab coding to Visual C++/Visual Basic is desirable to make
LOAS a platform-independent application. For this purpose the author has made
detailed flowcharts of the Matlab software modules (see APPENDIX E), which

can be used to accomplish this task.

* Accurate positioning of calibration markers is of paramount importance to achieve
the required accuracy. Therefore, in order to make the LOAS more robust and
cost-effective it is desirable to develop an automated calibration technique that
can be used to check the positioning of calibration markers before each surgical
use against their specified location, thereby taking into account any misplacement
of calibration markers, without causing any additional time. This check can be

carried out to ensure that the calibration frame is correct prior to clinical use.
Other osteosynthesis applications

In addition to the distal femur locking procedure, LOAS is also applicable to other

osteosynthesis procedures involving the extremities. Therefore, application of the
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system could be expanded to include other surgical procedures such as tibial distal

locking and humeral shaft fracture treatment.
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APPENDIX A: Functional anatomy of

the femur

The femur mainly consists of three parts, these parts are:

e Proximal femur,
e Femoral shaft or diaphysis and

e Distal femur.

Figure A- 1 represents the anatomy of a femur from both anterior and posterior views.

Anterior view Posterior view
Greater Trochanter Greater Trochanter
Neck
& Head =
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e ? 5 -
‘__/Lc&wr Trochanter~ Pl‘Oleﬂl F cmur

Shaft
Linea Aspera

Medial

Lateral
‘ Epicondyle

Epicondyle

2N

Patellar
surface
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condyle

Medial
condyle

Intercondylar notch

Figure A- 1 Femur anatomy [1]
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A.1 Proximal femur

The proximal femur incorporates femoral head, which is rather more than half a

*sphere’, as shown in Figure A- 2.

Fovea on
head

Head

trochanter )
. R

Greater ‘1:‘
2, . %

Intertrochantertc line

Lesser trochanter

Figure A- 2 Proximal femur [1]

Femoral head is directed upwards, medially and slightly forward, to articulate with the

¥ 10 form the ball-and-socket of the hip joint. The femoral head is

accetabulum
attached to the femoral shaft, at an approximate angle 0of125° | through a short piece
of bone, called femoral neck, in order to facilitate the movement of the hip joint and to
enable the lower limb to swing clear of the pelvis. The femoral neck is narrowest at its
middle and wider at its lateral than its medial end. Its two borders are rounded.
Immediately distal to the femoral neck, the bone widens into two large prominences,
which acts as an attachment sites for the muscles of the upper leg. The lower of these
prominences (i.e. on the medial side of the femur) is called lesser rrochanter, while
the prominence on the lateral side of the femur is called greater trochanter. The

intertrochanteric line marks the junction of the anterior surface of the neck with the

*Accetabulum i.e. cup shaped depression in the pelvis
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femoral shaft, whereas the intertrochanteric crest marks the junction of the posterior

surface of the neck with the femoral shaft [157].

A.2 Femoral Shaft or Diaphysis

The femoral shaft is tubular with a slight anterior bow as in the standing position, the
femoral shaft normally inclines about 10°from the vertical axis of tibia. It surrounds a
central region (medullary cavity) of soft, fatty bone marrow and spongy (cancellous)
bone. It extends from the lesser trochanter to the flare of the femoral condyles i.e.
medial and lateral condyle. The anterior bow during weight bearing produces
compression forces on the medial side and tensile forces on the lateral side. Therefore,
in order to withstand the concentration of these forces there is ridge (i.e. increase in
bone thickness) of bone (the /inea aspera) running down the posterior aspect. Femoral
shaft also connects two extremities (or epiphyses), which are wider than the shaft
itsell. Now use of the above mentioned orthopaedic terminologies leads to use of the
term proximal femur, to indicate the extremity in the vicinity of the hip joint, and the
term distal femur, to indicate femoral extremity in the vicinity of knee joint as shown

in Figure A- 1.

A.3 Distal Femur

The distal end of the femur is widely expanded and thus provides a good bearing
surface for the transmission of the weight of the body to the top of the tibia. The distal
femur consists of two prominent masses of bone, known as lateral and medial
condyles. Both lateral and medial condyles are articulate (i.e. jointed) with the patella
(knee-cap) and the tibia (shin bone), in order to provide the kinematics of the knee
joint. Anteriorly the two condyles are united and are continuous with the front of the
femoral shaft, whereas, posteriorly they are separated by a deep gap, the intercondylar
fossa (intercondylar notch), as shown in Figure A- 3 to make room for the cruciate
(i.e. sharped) ligaments within the capsule of the knee joints. The distribution of

weight from the femur to the tibia is therefore divided between two articular surfaces.
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Figure A- 3 Distal Femur [1]
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fracture

B.1 Femoral shaft Fracture

The femur is the largest and strongest bone [1] and is essential for normal ambulation.
Because of this and its protective surrounding muscle, the femoral shaft requires a
large amount of force to fracture. Therefore, femoral shaft fractures result from
significant force transmitted by a direct blow or from indirect force transmitted at the
knee. However, once a fracture does occur, this same protective musculature usually

is the cause of displacement, which commonly occurs with femoral shaft fractures.

The spectrum of femoral shaft fractures is wide and ranges from non-displaced stress
fractures to fractures with severe comminution and soft tissue injury, possibly
requiring amputation. Femoral shaft fractures are usually the result of violent high-
energy forces sufficient to fracture the strongest bone in the body.

High-energy fractures are most often associated with multisystem injury and other
bony injuries. Isolated fractures occur with lesser-velocity forces or with pathologic
bone. Femoral shaft fractures are the result of motor vehicle accidents, pedestrian/auto
accidents, gunshot wounds, sports-related trauma, falls from heights, plane crashes,

and primary bone or metastatic disease.

Generally, femoral fracture patterns vary according to the direction of the force
applied and the quantity of force absorbed. The most common site for a femoral shaft
fracture is in the middle third of the shaft i.e. the narrowest part of the shaft [20].

There are various types of femoral shaft fractures, which are as follows:

e Transverse fractures,
e Oblique fracture,

e Spiral fracture,
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e Comminuted fractures,
e Segmental or wedge fracture and

e Open fracture.

B.1.1 Transverse Fracture

Angular forces, resulting from a violent blow to the bone, produce a transverse
fracture, which is approximately perpendicular to the axis of the femoral shaft.
Fracture surfaces may be smooth or serrated but the bone is broken cleanly in two as

shown in Figure B- 1. Sixty percent of all adult fractures are transverse.

!‘ \
)\
(N

/ \
/
S

Figure B- 1 Transverse Fracture [11]

Given that the femoral shaft is essentially a tubular structure, torsional forces arising
from violent twisting about the axis of the bone, are also common causes of fracture.

In such cases, either an oblique or a spiral fracture is generally produced.

B.1.2 Oblique Fracture

These fracture results from bending with some degree of superimposed axial
compression. The fracture line runs oblique to the long axis of the bone i.e. the
fracture line is on a slant as shown in Figure B- 2. The cortical fracture surfaces of
each fragment are in the same plane. This is a difficult fracture for orthopaedists to
manage because the ends of the broken bone tend to slide past each other and causes

shortening of the bone itself. About 15 percent of all fractures are oblique.




APPENDIX B: Tvpes of femoral shaft fracture

315

!
0

A

Figure B- 2 Oblique Fracture |11]

B.1.3 Spiral Fracture

This is a long, curved, coil-like fracture as shown in Figure B- 3. These fractures are
usually the result of torsional forces. The fracture line runs oblique to the long axis of
the bone but the cortical fracture surfaces of each fragment are in different planes.
The edges and ends of the fracture tend to be sharp and pointed. This fracture is
commonly seen in skiers whose bodies rotate in a fall while their feet remain fixed.
Spiral fractures have much less soft-tissue injury than others. They heal quickly

because there is a large area of fracture to mend. About 5 percent of all fractures are
spiral.
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Figure B- 3 Spiral fracture [11]

B.1.4 Comminuted Fractures

Generally are the result of high-energy trauma i.e. associated with multisystem injury

and other bony injuries. It results from large impaction force, caused for example by
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direct blow to the flexed knee joint. Comminuted means that there are at least three
fragments and the fracture lines interconnect. Comminuted fractures are often open
fractures, with the bone sticking up through the skin. [t takes tremendous force to

break a bone in this fashion. About 20 percent of all adult fractures are this type.

Figure B- 4 Comminuted Fracture [11]

B.1.5 Segmental or Wedge Fracture

They are also called multiple fractures. A large angular force can produce either a
segmental fracture i.e. two transverse fractures leaving a section of the femur isolated
or a wedge fracture i.e. two transverse fractures producing a “butterfly” fragment
(11]. These types of fracture imply three or more fracture fragments in a single bone;

however, unlike the comminuted fractures, the fracture lines do not interconnect.
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Figure B- 5 Segmental Fracture (L.H.S) or Wedge Fracture (R.H.S) [11)
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B.1.6 Open fracture

Open fracture, also known as compound fracture. Because of the levels of violence
associated with femoral shaft fracture, it is not uncommon for the patient to suffer
additional fractures and significant soft tissue damage. In severe cases, bone
fragments can also penetrate the skin from within, thus producing an open or a
compound fracture [11]. All open fractures are surgical emergencies that need prompt
therapy. Open long bone fractures occur with a frequency of 11.5 per 100,000 persons
per year [158, 159]. Open fracture wounds are classified according to size, the degree
of soft tissue crushing, the severity of bone devitalisation, and the time to treatment
[160]. Prevention of infection, fracture healing, and restoration of function are the
goals of the management of open fractures. Infection can result in non-union of the

fracture, chronic osteomyelitis', amputation, or even death.

In case of Open fractures, surgical treatment that is mandatory includes the early and
complete debridement’ from the fracture wound, along with stabilization of the
fracture. Even as little as a 5-hour delay in debridement is associated with increased
infection rates. For most open, long bone fractures, immediate definitive fixation with
closed intramedullary nailing is appropriate as by using intramedullary nailing, the
risk of infection and non-union is low, the incidence and severity of malunion are
reduced, the hospital stay is short, and early mobilization of the patient is possible

[28].
B.2 Complications of Femur Fracture
Complications associated with femoral fractures are as follows:

B.2.1 Malunion and shortening of the leg

The most common complication of fracture of the femur is malunion due to the

improper correction of the lateral angulation. If overriding is not corrected, the

‘Osteomyelitis: Bacterial infection of bone in which the resulting inflammation can lead to a reduction
of blood supply to the bone

5 Debridement: Surgical excision of dead, devitalised, or contaminated tissue and removal of foreign
matter
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malunion occurs with marked shortening. If the shortening is more than 1 and 1/2" it

will need surgery by osteotomy® and internal fixation.
B.2.2 Stiffness of the knee joint

Knee stiffness occurs due to the prolonged immobilisation, particularly in older
patients. The causes are:

e Adhesions inside the joint (tibio femoral),

* Adhesion of patella to the femur and

* Adhesion of quadriceps muscle to the fracture site more particularly in cases

treated by open operation.
B.2.3 Non-union

Non-union is usually due occurs as a result of shortening as well as external rotation
of the distal fragment. Shortening occurs due to interposition (i.e. overlapping) of soft
tissues between the fragments. This needs an operative reduction and internal fixation

with IMN, supplemented with bone grafts.

® Osteotomy: Surgical operation in which a bone is divided or a piece of bone is removed or cut in
order to correct a deformity
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APPENDIX C: Femoral Shaft fracture

treatment

C.1 Skeletal traction

Skeletal traction of femoral shaft fractures involves insertion of a metal wire or pin
through the bone distal to the fracture (i.e. proximal tibia), so as to exert a continuous
pull in the long axis of the bone for the reduction of fracture [20]. Weights are then
attached to this pin, via a series of Ropes and pulleys as shown in Figure C- 1, to
provide a traction force, which is strong enough to overcome the contraction of the

leg muscles. While applying traction, following must be practiced [161].

e The weight must be off the bed rail and not sitting on the floor. The amount of
weight to be suspended should be one tenth of the body weight, which is sufficient

to pull the bones out to length but not over distract (i.e. excessive traction).
¢ Friction should be avoided. as it causes reduction in effective traction.

e Direction of traction must be as horizontal as possible.
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Figure C- 1 Skeletal Traction treatment of femoral shaft fracture

A prolonged period of hospitalisation is then required, in order to allow the bone

healing process to take place. Therefore, skeletal traction is an expensive form of

treatment and can also result in number of complications associated with prolonged
bed rest such as muscle atrophy etc [161]. The use of this technique is, therefore,
generally restricted to spiral or oblique fractures that are easily displaced by muscle
contraction [20]. The period of hospitalisation can however be shortened by applying
a cast bracing when the fracture becomes stable, as indicated radiographically by the

appearance of the callus’ .
C.2 Cast or Functional bracing

Cast or functional bracing, using either plaster of Paris or one of the lighter materials,
is one way of overcoming the fracture, while still permitting fracture splintage and
loading. Segments of the cast are applied only over the shafts of the bone, leaving the
joints free; the cast segments are connected by metal or plastic hinges which allow

movements in one plane [20].

In the context of femoral shaft fractures, it is widely used in the treatment of
children’s femur fractures, as it is less invasive than many alternatives for treating

children’s femur fractures. It requires a general anaesthetic, but the only surgically

7 Callus: The hard bony tissue that develops around the ends of a fractured bone during healing.
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invasive portion of the procedure is placement of a single Steinmann pin in the distal
femur under fluoroscopic guidance. The fracture is then reduced closed and
appropriate moulding is applied to the cast brace. There is minimal risk of injury to
the distal femoral growth plate, negligible risk of infection, no pin tract scarring from
external fixation, and no risk of avascular necrosis® of the femoral head as a result of
the procedure. The cast brace can be removed in clinic and a return trip to the
operating room is not required. For patients in mid-childhood (between 6 and 10),
especially with any comminution of the fracture, the cast brace is a reliable, proven
method. However, for many children over age ten, flexible nails may be a more

attractive option.

As with any treatment there are a number of disadvantages related to cast bracing.
Cast brace treatment of paediatric femur fractures can be labour intensive for the
orthopaedist. Placement of the cast brace requires great attention to detail. The
fracture must be adequately reduced. followed by correct moulding of the plaster to
allow for stability at the fracture site. Also, the patient in the cast brace requires close
follow up when discharged from the hospital. The patient is followed at weekly
intervals with radiographs for the first two to four weeks to evaluate fracture
alignment. Finally, a high degree of patient and family cooperation is required. The
patient must not sit upright for approximately the first three weeks of treatment, as

femur shortening may result. The patient is must be in traction when not walking.

C.3 External Fixation

External fixation is used for fracture associated with severe soft-tissue injuries. Two
or three metal pins are driven through the bone above the fracture and two or three
below it as shown in Figure C- 2, the fracture is reduced and the pins are attached to
the bars which hold the bone rigid while leaving the soft tissues exposed and
accessible for treatment. The external fixation devices can be adjusted externally to

ensure the bones remain in an optimal position during the healing process.

¥ Avascular necrosis : Death of bone tissue due to impaired or disrupted blood supply, marked by
severe pain in the affected region and by weakened bone that may flatten and collapse.




APPENDIX C: Femoral Shaft fracture treatment 322

Figure C- 2 External fixation treatment of femoral shaft fracture

However, in the context of femoral shaft fractures, the use of external fixation devices
tends to be limited to contaminated or unstable fractures as closed reduction and
stabilization of such fractures are usually impossible, and surgical treatment with
fixation by plates and screws is required [162]. In such cases, external fixation device
provides temporary stabilization of the fracture while the contaminated wound is
being treated. Upon closure of the wound, the external fixation device is then replaces
by internal fixators. Therefore, in summary, external fixation in cases of multiple
injuries offers a quick method of stabilization, resulting in better outcome of the

fracture as well as better rehabilitation of the associated injury [163, 164].
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APPENDIX D: Overview of the X-ray

imaging

D.1 X-ray Tube

X-rays are a form of electromagnetic wave with a wavelength range from 0.001 nm to
10 nm. X-rays are produced in a device known as X-ray tube. Within the X-ray tube,
electrons are accelerated from the hot cathode filament (the cathode typically employs
a heated tungsten filament as the source of the electrons) towards the anode surface,
where X-rays are produced mainly by Bremsstrahlung process. The Bremsstrahlung
process is due to the deceleration of the incident electrons by coulomb interactions
with the electrons and nuclei of the target material. This process gives a continuous

spectrum.
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Figure D- 1 Schematic diagram of X-ray tube

The intensity of the X-ray beam decreases as the square of the distance from the focal
spot increases. Thus, the further away from the X-ray tube the patient is located the

less radiation per square meter and the less likely hood of radiation burn. This is
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especially important in the Lateral view since the X-ray tube is usually much closer to

the patient than in the AP view.

A high voltage generator powers the X-ray tube. An increase in voltage results in an
increase in image density, which in turn decreases image contrast. Image density in
the radiograph is also controlled by combination of amount of current in the cathode
used to produce the electrons, which strikes the focal point, and the duration of
exposure. Therefore, by controlling the X-ray tube voltage and current, a continuous
spectrum of the X-ray radiation may be obtained, whose penetrative properties are
suitable for specific radiographic examination. Therefore. the proper combination of

current-time-voltage is the responsibility of the X-ray technician [108].

In order to reduce radiation exposure to the patient, collimation and filtration of the

X-ray beam emerging from the X-ray tube is performed.

D.1.1 Collimation

Collimation involves restricting the size of the useful X-ray field to the region of
clinical interest using lead shutters, because, larger the X-ray field size, the larger the
amount of scatter, which degrades the image quality. By tightly collimating the X-ray
beam to the area of interest reduces the amount of scatter, reduces the volume of

tissue exposed, and improves the quality of the image.
D.1.2 Filtration

Filtration is performed using an aluminium exit window in the X-ray tube, to absorb
the lower-energy X-ray photons emitted by the tube before they reach the patient.
Filtration results in cleaner image due to absorption of the lower energy X-ray
photons that tend to scatter more, and therefore do not contribute to radiographic

image.

Because of heterogeneous nature of human body, the primary X-ray beam, which
leaves the X-ray tube housing, is subjected to a series of different attenuation
processes as it passes through the patient’s body. This attenuation is directly related to

thickness, atomic number, and density of the tissues in the way of the X-ray beam.
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The attenuated beam emerging from patient therefore represents information about
internal anatomical structures in the form distribution of X-ray radiation intensities.
Since, anatomical information is only provided by x-rays, which passes straight
through the patient, therefore if any of the deflected rays reaches the image plane, it
adds the noise i.e. information not related to area of interest. In order to avoid noise
addition in X-ray images, a grid is placed in front of the image plane, which contains
lead vanes that are parallel with one another in one direction and converge towards
the nominal position of the focal point of the X-ray tube. This grid is called “Bucky™.
The lead vanes absorb virtually all deflected rays. The bucky also moves back and
forth in its own plane during radiation exposure to eliminate shadows of the vanes

[108].
D.2 X-ray Image Intensifier

An X-ray image intensifier is a large image tube that converts a low intensity X-ray

image into visible image, as shown in Figure D- 2.
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Figure D- 2 Construction and operation of X-ray image intensifier

X-rays incident on the X-ray image intensifier are transmitted through an aluminum
metal input window with high X-ray transmittance and less scattering. They are then
absorbed by an input phosphor screen and converted into a light image. The input
phosphor is typically 15 to 40 cm in diameter, depending on the image intensifier. An

intermediate layer (less than 0.001 mm thick) is evaporated onto the inner surface of
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the input phosphor and photocathode, which is about 2 nm thick. The intermediate
layer has a high optical transmission and is used to chemically isolate the input
phosphor and photocathode materials. Light photons emitted by the input phosphor
are absorbed via the photoelectric effect in the photocathode to release photoelectrons.
The vacuum is then required so that the electrons can travel unimpeded. A voltage of
25 to 35 kV is used to accelerate the electrons. An electric lens (electric field) that
consists of an input window, focused electrodes and an anode as shown in Figure D-
2, is used for focussing them onto the output phosphor. A current of about 10™ to 107
Amperes results in the acceleration and focussing of these electrons which gives rise
to the image intensification. The output phosphor screen then, again, converts this
photoelectron into a visible light image. The output phosphor emits a green light when
it absorbs the accelerated electrons, and is typically about 0.005 mm thick and 25 to
35 mm in diameter. Since the photoelectron image is condensed by the electric lens,
to increase the density of electrons, and simultaneously accelerated by a high electric
field to collide with the output phosphor screen, the output image is approximately
10000 times brighter than it would be obtained when the phosphor screen is placed at
the input surface position of the X-ray image intensifier due to electron acceleration

and image reduction process.

The fluoroscopic image, which is formed at the output window of image intensifier, is
too small to be of any useful clinical use as diameter of output screen is usually
2.5cm. Therefore, the output image from the output window is viewed using
television technology, which uses lens system to focus output image onto the
photoconductive surface of either a television camera or CCD camera. The amplified
output from the camera is transmitted as a video signal and can be viewed on the

television screen in real time.
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APPENDIX E: Software details

In this section, in order to give a better understanding of machine vision system, the
functions and sub-functions developed by the author in Matlab environment to obtain
the drilling trajectory of distal locking hole are discussed in details. It should be noted
that (F) represents the functions developed by the author, whereas (M) represents the
Matlab built-in functions that author have used. It should be noted that conversion of
machine vision system from Matlab to Visual C++/Visual Basic environment can be
accomplished by converting functions represented by (M) in these flowcharts into

Visual C++/Visual Basic code.
E.1.1 imgview.m

Once the user have grabbed an intraoperative X-ray image, and ready to proceed with
it, imgview.m determines whether it is a Lateral or AP view image based on the

location of the oval shaped distal hole projection.
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imgview.m (F): Finds whether it is Lateral or AP view.

otsu.m (F):

Thresholding value is chosen corresponding
to maximum variance between black & white
group of pixels.

im2bw (M) :Convert an image to a binary image,

based on threshold value.

v

bwlabel (M): Labels object in a binary image.

;

regionprops (M): Finds properties of labelled objects.

.

sort (M): Sorts objects in descending or ascending order
according to their area (pixels).




APPENDIX E: Software details 329

E.1.2 selectoval.m

This function automatically locates the position of two distal locking holes from the

Lateral view X-ray image.

selectoval.m (F): Locates the distal hole projection i.e. the oval

otsu.m (F):
Thresholding value is chosen corresponding
to maximum variance between black & white

group of pixels.

im2bw (M) :Convert an image to a binary image,

based on threshold value.

:

bwlabel (M): Labels object in a binary image.

.

regionprops (M): Finds properties of labelled objects.

'

sort (M): Sorts objects in descending or ascending order

v

find (M): Finds indices of elements.

,

length (M) : Gives the length of a vector.
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E.1.3 nailcenpt.m

This function uses the information about the location of distal locking hole in the
Lateral view image, obtained from “selectoval.m™ to draw automatic line profiles
across the nail on both sides of the distal locking hole to detect the nail edges, which
in turn results in determination of nail diameter and points on the centreline of the nail

in Lateral view.

nailcenpt.m (F) Locates the nail edges, Nail diameter & points on the nail’'s centreline.

v

improfile (V) : Computes the intensity values along a line

Y
edgecord.m & istcheck.m (F) Locates the nail edges using profiles.

profileright .n’(.F) ‘ profileleft .m{F)
Draws automatic line profiles at right hand Draws automatic line profiles at left hand
side of the oval using autoprofile.m side of the oval using autoprofile.m
autoprofile.m (F)
1 * Following Matlab functions are used for each of the 12 profiles.

length (M) : Gives the length of a vector.
fix (M) : Rounds towards zero.
abs (M) : Gives absolute value.

max (M) : Gives maximum value of an aray.
min (M) : Gives minimum value of an amay.
mean (M): Gives average value of an array.
find (M) : Finds indices of elements.

length (M) : Gives the length of a vector.

size (M) : retumns the sizes of each dimension of an array.
std (M) : retums the standard deviation
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E.1.4 frXRIllat.m & frOuterlat.m

This function is used to carry out fiducial recognition of XRII and Source calibration

plates in the Lateral view image.

frXRlllat.m & frOuterlat.m (F)
Automated fiducial recognition of XRII
& Source calibration plates in Lateral view

* Location of reference lmarkers in Lateral view

latrefmarker.m , sortarea.m & reflat m(F)
Returns the centre of central and onentation
marker of the XRII calibration plate in lateral
view.

latwashers.m (F)

Returns the centre of 4 washers of the
Source calibration plate in lateral view.

lookright.m, lookcentre.m & lookleft.m (F)
Locates the remaining fiducials of Source calibration
plate in lateral view.

lookingright.m, lookingcentre.m & lookingleft.m (F)
Locates the remaining fiducials of XRI| calibration plate
in lateral view.

otsu.m (F)

im2bw (M) :Convert an image to a binary
image, based on threshold
imcomplement (M) : Inverts an image
bwlabel (M) :Label object based on
thresholding

regionprops (M): Finds properties of
labelled objects.

find (M): Finds indices of elements.

abs (M): Gives absolute value.

imcrop (M): Crops an image.
globalthreshold.m (F)

Finds the threshold value based on average
min (M): gives minimum value of an array
max (M) : gives maximum value of an array

y
Imcrop (M) : Crops an image]

v
info.m (F) This function checks ::'Tm;
Region of Interest (R.O.1) max (M)
containing the fiducial for the » abs (M)
presence of the nail or background. size (M)
length (M)
otsu.m (F)
ize (M
findcentre.m (F) :3:1((5‘,))
Returns the centre of fiducials —b| bwlabel (M)
e L et ot regionprops (M)
in Lateral view. sort(M)
find (M)
length (M)
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E.1.5 autooval.m

This function is used to determine the angle between the major axis of the oval and

the nail axis.

autooval.m (F)
Determines the angle between the nail axis and the major

axis of the oval i.e. 4

imcrop (M) : Crops an image.

otsu.m (F)

edge (M) : Edge detection using sobel method.

im2bw (M) :Converts an image into binary
image,based on threshold value.

max (M) : Gives maximum value of an array.

imcomplement (M) : Inverts an image.

bwlabel (M) : Label object based on thresholding.

regionprops (M): Finds properties of labelled objects.

mean (M): Gives average value of an array.

size (M) : Returns the size of each dimension
of an array.

zeros (M) : Creates an array of all zeros.

length (M) : Gives the ength of a vector.

moments.m (F)
Calculates the major axis of the oval using
moments.

sortarea.m (F)
Returns area of all the objects within the cropped region
containing the distal hole projection i.e. oval.

'

imcomplement (M) : Inverts an image.

bwiabel (M) : Label object based on thresholding.
regionprops (M): Finds properties of labelled objects.
sort (M) : Sort objects in descending or ascending order.

‘

checkrect.m (F)

Checks the presence of fiducials within the cropped region

containing the distal hole projection i.e. oval.
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E.1.6 cenworldcordlat.m

This function is used to define the plane in the Lateral view using points on the nail

centreline and the Lateral view focal point.

cenworldcordlat.m (F)
Defines the plane in lateral view using points on the nail centreline and the Lateral view focal point.

y
focallat.m (F) :Determines the focal point in lateral view

worldcordlatinner.m (F) : Assigns image and real world co-ordinates of each fiducial of Lateral
view XRI! plate to a unique variable.

worldcordiatsource.m (F) : Assigns image and real world co-ordinates of each fiducial of Lateral
view Source plate to a unique variable.

imagepoint.m (F) : Select 18 image points (i.e. centre of fiducials) from Lateral view XRI| Plate
for focal point calculation. Also assigns the world co-ordinates for these given image points.

r
find (M), length (M)

finddistance.m (F) :Finds the three closest fiducials for a given image point, such that these three
fiducials bounds the given image- point in a triangle.

y
sqrt (M) , sort (M)

worldsource.m (F) For 18 given image points on XRI| plate, finds the corresponding world
co-ordinates on source plate.
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E.1.7 frXRIlap.m & frOuterap.m

This function is used to carry out fiducial recognition of XRII and Source calibration

plates in the AP view image.

lookingrightap.m, lookingcentreap.m & lookingleftap.m (F)
Locates the remaining fiducials of XRII calibration plate
frXRllap.m & frOuterap.m (F) in AP view.
Automated fiducial recognition of XRII » .
& Source calibration plates in AP view lockrightap.m, lookcentreap.m & lookleftap.m (F)
Locates the remaining fiducials of Source calibration
* Location of referencelmarkers in AP view plate in AP view.
aprefmarker.m , sortarea.m & refap.m(F) l
Returns the centre of central and orientation
marker of the XRIl calibration plate in AP Imcrop (M) : Crops an imag‘
view,
apwashers.m (F) )
Returns the centre of 4 washers of the info.m (F) This function checks sum(M)
Source calibration plate in AP view. Region of Interest (R.0.1) min mh’:l)
l containing the fiducial for the :1:: (ﬁ\ﬂ)}
presence of the nail or background. size (M)
otsu.m (F) length (M)
im2bw (M) :Convert an image to a binary
image, based on threshold
imcomplement (M) : Inverts an image
bwlabel (M) :Label object based on otsu.m (F)
thresholding findcentreap.m (F) size ((TII))
regionprops (M): Finds properties of " ! SHIN
Isibelisd nbiscls. Beturné the centre of fiducials bwl_abel (M) .
find (M): Finds indices of elements. i ;i?.'tmf SR
abs (M): Gives absolute value. find (M)
imcrop (M): Crops an image. length (M)
globalthreshold.m (F)
Finds the threshold value based on average.
min (M): gives minimum value of an array
max (M) : gives maximum value of an array
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E.1.8 nailcenptap.m

This function at first uses the information about the location of central and orientation
marker in the AP view image, obtained from “frXRllap.m” to crop the image such
that it contains the nail. Then bounding box for the nail is obtained, and line profiles
across the nail are drawn at short intervals, so that distal hole can be avoided while

drawing line profiles to determine the nail centreline in the AP view image.

|: nailcenptap.m (F) Locates the nail edges, Nail diameter & points on the nail's centreline in AP view.

sortapnail.m (F): Finds the region containing the nail in AP view image.

.

improfile (M) : Computes the intensity values along a linel

edgecord.m & istcheck.m (F) Locates the nail edges using proﬂleﬂ

.
v v

approfileright . m(F) Draws automatic line profiles at right approfileleft . m(F) Draws automatic line profiles at left hand
hand side of the oval using apautoprofile.m side of the oval using apautoprofile.m
l N

.

lapautoprofile.m (F)|

* Following Matiab functions are used for each of the 12 profiles.

length (M) : Gives the length of a vector.
fix (M) : Rounds towards zero.
abs (M) : Gives absolute value.

max (M) : Gives maximum value of an array.
min (M) : Gives minimum value of an array.
mean (M): Gives average value of an array.
find (M) : Finds indices of elements.

length (M) : Gives the length of a vector.

size (M) : returns the sizes of each dimension of an array.
std (M) : returns the standard deviation
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E.1.9 cenworldcordap.m

This function is used to define the plane in the AP view using points on the nail

centreline and the AP view focal point.

cenworldcordap.m (F)
Defines the plane in AP view using points on the nail centreline and the AP view focal point.

A
focalap.m (F) :Determines the focal point in AP view

b
worldcordaplnner.m (F) : Assigns image and real world co-ordinates of each fiducial of AP view
XRII plate to a unique variable.

worldcordapsource.m (F) : Assigns image and real world co-ordinates of each fiducial of AP
view Source plate to a unique variable.

imagepointap.m (F) : Select 18 image points (i.e. centre of fiducials) from AP view XRII Plate
for focal point calculation. Also assigns the world co-ordinates for these given image points.

A
find (M) , length (M)

A 4
finddistance.m (F) :Finds the three closest fiducials for a given image point, such that these three
fiducials bounds the given image- point in a triangle.

A4
sqrt (M) , sort (M)

worldsource.m (F) For 18 given image points on XRI| plate, finds the corresponding world
co-ordinates on source plate.
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E.1.10 findpoint.m & linelineintersect.m

“findpoint.m” determines the nail axis in space by intersecting the planes defined in
Lateral and AP views. Whereas, “linelineintersect.m” is used to determine the target
point of the drilling trajectory by intersecting nail axis with the line-of-sight passing
through the centre of the oval. It also determines the angle between the nail axis and

the X-ray imaging axis.

E.1.11 Lookup.m

The angle between major axis of oval and nail axis i.e. "A"and angle between nail
axis and the X-ray imaging axis i.e."¢", obtained from X-ray image analysis are
entered as input and rotation of the nail about its own axis i.e. "@" is calculated using
Look-up table, which is obtained by modelling of the nail in AutoCAD Mechanical

Desktop.
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APPENDIX F: Theodolite measurement

procedure

Given that the distance between the two theodolites is known the 3-D position of the
target point is determined with respect to the co-ordinate system of the master

theodolite in the following manner:

l. First it is necessary to achieve precise levelling of each theodolite. This is
achieved by rotating the theodolite until its plate bubble is parallel to any two foot
screws (say A and B). then adjusting A and B to centre the bubble. The left thumb
rule applies as usual (the bubble will travel in the direction of the left thumb).
Now rotate the theodolite body by 90°, and centre the bubble with the third foot
screw (C) only. This procedure is repeated for each 90° revolution of the

instrument until the bubble is centred for all four positions.

[}

Alignment of the two theodolites is then achieved by turning both theodolites such
that they face each other, then in order to set their respective horizontal angle to
zero, their cross hair are centred over one another. It should be noted that both
theodolites should measure positive rotation in opposite directions. For example,
if the Master theodolite measures positive rotation in a clock-wise direction, then
the other theodolite should measure positive rotation in a counter Clock-wise
direction. The two theodolites should be positioned such that their optical axes

converge at approximately 90°.

3. The two theodolites should also be positioned as close as possible to the object, as
they measure angular values, hence doing so will increase their resolution in terms
of distance. The only limitation for this is to get in-focus views of the desired
point. Theodolites used in this study (Sokisha D75) can focus objects down to 1

metre in front of the object lens.

4. Then the calibration is performed, i.e. the length between the two theodolites is

measured, to provide a base line as described in the following section:
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Calibration

Calibration for the distance between theodolites is carried out using a metre ruler. As
in usual practice, the distance between the two theodolites is not known accurately;
therefore, two points at each end of a known length scale bar are measured by

centering to determine theodolite separation as follows [165]:

e At first determining the dimensionless co-ordinates of the two target points on the |
scale bar by simply using Horizontal and vertical angles of master theodolite and

horizontal angle of the other theodolite, i.e. (x,,),.z) & (x,.¥,.z,) respectively.

o Since the spacing between the two target points on the scale bar, say“/", is known

. the spacing between the two theodolites can be determined as follows:

/
\j(x; __x')z +(y, "y|>: +(2, ~2 )’

» Then, from each end of this base line, an angle is measured to a distant (i.e. target)

-

point using a particular theodolite. Therefore, now a triangle is formed in which
the length of one side and two adjacent angles are known. By using trigonometry

it is possible to work out the lengths of the other two sides.

e The co-ordinates of a point sighted by two mutually level theodolites can be found

using the following equations:

_ dSinH, CosH,
 Sin(H, + H,)
_ dSinH, SinH,
 Sin(H, +H,)
, _ dSinH, tanV,
Sin(H, + H,)

and

Where,
H,.V, = Horizontal & Vertical angle for master theodolite "a".

H, = Horizontal angle for theodolite "b".
d = seperation between theodolites "a" & "b".

Uncertainty in measurement occurs due to the errors in the calibration length and

angular errors caused by:
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e Levelling and calibration,
¢ Setting the telescope on the target (i.e. centering) and

e Accuracy of angular encoders.

The angular error in setting the telescope is limited by angular (Rayleigh) resolution

of the telescope, which is given by [165]:

1.224

AG = =1.22x10" radians

Where,
A = wavelength of visible light =0.5 Micron and

D = Diameter of the objective lens =50mm.

Now, assuming that the measurement triangle is well conditioned and taking the

distance “L.” to the object being 1 metre, the positional error will be given by:
Pos _error = LAO = 0.0122mm

Le. if the two points are closer than 0.0122mm, while they are located at a distance
greater than 1 metre to the theodolite object lens, they will be observed as one single

point rather than 2 distinct points.
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APPENDIX G: CMM measurements on

calibration frame

Based on the hypothesis that an improvement in the quality of the input data should
result in an improvement in the overall accuracy of the system, an inspection of the

calibration frame was undertaken using CMM, as shown in Figure G- 1.

Figure G- 1 Calibration frame inspection using CMM

Following measurements were obtained using CMM:

Relative positions of the individual calibration plates with respect to the Lateral XRII
| Plate

Several Points (in order to avoid errors, due to measuring once only) on the surface of

each individual calibration plate were used in order to determine the relative positions
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of the individual calibration plates with respect to the Lateral XRII Plate (i.e. datum

plate, as the specified origin of the calibration frame lies on this calibration plate).

Perpendicularity between Lateral and AP calibration plates

Several points on the surface of the Lateral and AP calibration plates were used to
define a plane in each view respectively. Then angle between those two planes was
determined to find the perpendicularity between Lateral and AP plates, this angle was
found to be89.98°.

Parallelism between XRII and Source calibration plates in Lateral and AP views
respectively

Lateral view =0.03°, AP view =0.01°.

In order to obtain actual positioning of calibration markers (fiducials). location of
each individual fiducial’s centre is determined with respect to an arbitrarily defined
calibration frame co-ordinate system. It should be noted that since, the specified
centre of the fiducials does not lie on the surface of the respective calibration plate
(i.e. XY plane for Lateral plates fiducials, whereas, YZ plane for the AP plates
fiducials), therefore, multiple points along the circumference of each fiducial are used

to determine the centre of fiducial.
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G.1 Lateral XRIl Calibration plate

Figure G- 2 shows the fiducial layout on the Lateral XRII calibration plate, which
each fiducial being given a unique identity. Whereas, Table G- 1 and Table G- 2
depicts the comparison between the specified and measured location of each fiducial
embedded on the Lateral XRII calibration Plate. It should be noted that all dimensions

are in millimetre.
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Figure G- 2 Fiducial layout on the Lateral XRII calibration plate




APPENDIX G: CMM measurements on calibration frame

344

Line Fiducial

a
b1
b2
b3
b4
cl
c2
c3
c4

[~F=F-RoRolofollelle]

d
el
e2
e3
ed
f1

f2
f3
f4

—_— ek ek e L = A

9
h1

h2
h3
h4
i

i2
i3
i4

MNMNNNNDMNDNDNONDNND

j
k1
k2
k3
k4
I

12
13
4

WWLWWWWWWwwWw

m
ni
n2
n3
n4
ot
02
03
o4

S b b hADbDDbSDDBBDL

Table G- 1 Comparison between specified and measured fiducial centre for the Lateral XRII

Specified values

X

60
60
60
60
60
60
60
60
60

50
50
50
50
50
50
50
50
50

40
40
40
40
40
40
40
40
40

30
30
30
30
30
30
30
30
30

20
20
20
20
20
20
20
20
20

Y

40
30
20
10
0
50
60
70
80

40
30
20
10
0
50
60
70
80

40
30
20
10
0

50
60
70
80

40
30
20
10
0
50
60
70
80

40
30
20
10
0
50
60
70
80

Plate - 1

CMM Measurements

X

60.1
60.02
60.05
59.99
60.02
60.18
60.17
60.22
60.23

50.07
50.08
50.06
49.93
50.04
50.02
50.06
50.15
50.2

40.12
40.08
40.04
40.04
40.02
40.05
40.08
40.07
40.11

301
30.01
30.08
29.93
30.07
30.09
30.05
30.14
30.09

20.04
20.09
20.04
20.03
19.91
19.98
20.12
20.08
20.19

Y

40.04
29.95
20.03
10
0.07
49.88
59.97
70.04
79.99

39.94
29.96
19.98
9.94
0.01
49.96
59.95
69.98
80

39.99
30.01
20.03
9.9
0.01
49.92
60.02
70.02
80.06

40.04
30.05
20.03
10
0.01
49.94
59.94
69.98
80.06

40
30.01
20.05
10.08

0.02
50.09
60.03
70.13
80.01
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Line Fiducial
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Table G- 2 Comparison between specified and measured fiducial centre for the Lateral XRII

Specified values

i ¢

40
30
20
10
0
50
60
70
80

40
30
20
10
0
50
60
70
80

40
30
20
10
0
50
60
70
80

40
30
20
10
0
50
60
70
80

Plate - 2

CMM Measurements

X

10.06
10.08
10.07
10.08
9.92
10

10.11
10.13
10.17

0.05
0.06
0.05
0.02
0
0.1
0.12
0.09
0.07

70.06
70
69.97
70
70.02
70.12
70.1
70.08
70.18

80.04
80.05
80.15
80.1
80.09
80.21
80.18
80.14
80.17

Y

40.05
30.05
19.99
10.08
0.01
50.04
60.11
70
80.06

40.02
30.11
20.13
10.01
0
50
60.11
70.11
80.06

40
29.89
19.96

9.88

0.14
50.05
59.98
69.94

79.9

39.92
29.9
19.93
9.84
0.16
49.94
59.87
69.9
79.92
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9.4 G.2 Lateral Source Calibration plate

Figure G- 3 shows the fiducial layout on the Lateral Source calibration plate, which
each fiducial being given a unique identity. Whereas, Table G- 3 and Table G- 4
depicts the comparison between the specified and measured location of each fiducial
embedded on the Lateral Source calibration Plate. It should be noted that all

dimensions are in millimetre.
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Figure G- 3 Fiducial layout on the Lateral Source calibration plate
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Specified values CMM Measurements
Line Fiducial X T X ¥
0 A 53.8 35.5 53.8 35.39
0 B1 53.8 26.5 53.85 26.4
0 B2 53.8 17.8 53.87 17:37
0 B3 53.8 8.5 53.83 8.36
0 C1 53.8 445 53.8 44.38
0 c2 53.8 53.5 53.81 53.37
0 C3 53.8 62.5 53.72 62.4
0 C4 53.8 715 53.73 71.39
1 D 448 35.5 4487 35.36
1 El 44.8 26.5 448 26.34
1 E2 448 175 44 86 17.4
1 E3 448 8.5 449 8.42
1 F1 448 445 44 86 44.35
1 F2 448 53.5 4475 53.36
1 F3 448 62.5 44.75 62.35
1 F4 448 71.5 447 71.39
2 G 35.8 35.5 35.9 35.32
2 H1 358 26.5 35.87 26.32
2 H2 35.8 17.8 35.86 17.31
2 H3 35.8 8.5 35.85 8.33
2 11 358 445 35.81 44.35
2 12 35.8 53.5 35.82 53.34
2 13 358 62.5 35.81 62.35
2 14 358 .5 35.7 71385
3 J 26.8 355 26.85 35.33
3 K1 26.8 26.5 26.84 26.25
3 K2 26.8 17.5 26.86 17.31
3 K3 26.8 8.5 26.84 8.26
3 iy 26.8 445 26.86 44.3
3 L2 26.8 §3.5 26.78 53.3
3 L3 26.8 62.5 26.76 62.3
3 L4 26.8 7.5 26.74 71.32

Table G- 3 Comparison between specified and measured fiducial centre for the Lateral Source

Plate - 1
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Specified values CMM Measurements
Line Fiducial X b X ¥
4 M 17.8 355 17.85 35.22
4 N1 17.8 26.5 17.88 26.26
4 N2 17.8 17.5 17.83 17.29
4 N3 17.8 8.5 17.87 8.29
4 o1 17.8 44.5 17.78 4431
4 02 17.8 53.5 17.82 63.27
4 03 17.8 62.5 17.74 62.28
4 04 17.8 71.5 17.71 71.29
5 P 8.8 35.5 8.87 35.2
5 Q1 8.8 26.5 8.82 26.25
5 Q2 8.8 17.5 8.85 17.28
5 Q3 8.8 8.5 8.85 8.27
5 R1 8.8 44.5 8.83 442
5 R2 8.8 53.5 8.7 53.26
5 R3 8.8 62.5 8.72 62.24
5 R4 8.8 71.5 8.71 71.26
6 S 62.8 35.5 62.77 35.42
6 Tl 62.8 26.5 62.79 26.46
6 T2 62.8 17.5 62.83 17.38
6 T3 62.8 8.5 62.88 8.45
6 U1 62.8 44.5 62.81 4442
6 U2 62.8 53.5 62.74 53.44
6 u3 62.8 62.5 62.72 62.44
6 U4 62.8 71.5 62.72 71.43
7 \ 71.8 3565 71.88 35.4
7 W1 71.8 26.5 71.87 26.5
7 W2 71.8 17.5 71.95 17.4
7 W3 71.8 8.5 71.95 8.35
7 X1 71.8 44.5 71.84 4442
7 X2 71.8 63.5 71.78 53.44
7 X3 71.8 62.5 71.73 62.44
7 X4 71.8 71.5 71.69 71.5

Table G- 4 Comparison between specified and measured fiducial centre for the Lateral Source
Plate -2
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G.3 AP XRII Calibration plate

Figure G- 4 shows the fiducial layout on the AP XRII calibration plate, which each

fiducial being given a unique identity. Whereas, Table G- 5 and Table G- 6 depicts

the comparison between the specified and measured location of each fiducial

embedded on the AP XRII calibration Plate. It should be noted that all dimensions are

in millimetre.
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Figure G- 4 Fiducial layout on the AP XRII calibration plate
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Specified values CMM Measurements
Line Fiducial Y Z X 2z

0 a 40 156.8 40.34 157.12
0 b1 26 156.8 26.33 157.19
0 b2 12 156.8 12.25 157.13
0 b3 -2 156.8 -1.73 15717
0 b4 -16 156.8 -15.74 1567.12
0 ci 54 156.8 54.26 157.18
0 c2 68 156.8 68.32 15713
0 c3 82 156.8 82.39 157.07
0 c4 96 156.8 96.39 157.06
1 d 40 142.8 40.28 143.08
1 el 26 142.8 26.3 143.16
1 e2 12 142.8 12.31 143.18
1 el -2 142.8 -1.69 143.13
1 e4 -16 142.8 -15.75 143.08
1 f1 54 142.8 54.29 143.18
1 f2 68 142.8 68.29 143

1 f3 82 142.8 82.36 142.98
1 f4 96 142.8 96.26 142.96
2 9 40 1288  40.19 129.15
2 h1 26 128.8 26.17 129.11
2 h2 12 128.8 12.2 129.11
2 h3 -2 128.8 -1.79 129.15
2 h4 -16 128.8 -15.77 129.19
2 i 54 128.8 54.21 1291

2 i2 68 128.8 68.33 129.06
2 i3 82 128.8 82.28 129.01
4 i4 96 128.8 96.22 129.01
3 | 40 1148 40.24 115.1

3 k1 26 114.8 26.21 118.17
3 k2 12 114.8 12.24 11515
3 k3 -2 114.8 -1.74 115.07
3 k4 -16 114.8 -15.82 115.13
3 11 54 114.8 54.2 115

3 12 68 114.8 68.27 114.97
3 13 82 114.8 8223 114.98
3 14 96 114.8 96.15 115.01
4 m 40 100.8 40.26 101.08
4 ni 26 100.8 26.27 101.07
4 n2 12 100.8 12.24 101.17
4 n3 -2 100.8 -1.79 101.09
4 n4 -16 100.8 -158.73 101.09
4 o1 54 100.8 543 101.09
4 02 68 100.8 68.16 101.04
4 03 82 100.8 82.25 101.09
4 04 96 100.8 96.26 101.05

Table G- 5 Comparison between specified and measured fiducial centre for the AP XRII Plate - |
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Line Fiducial
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Table G- 6 Comparison between specified and measured fiducial centre for the AP XRII Plate - 2

Specified values

4

40
26
12
-2

-16
54
68
82
96

40
26
12
-2

-16
54
68
82
96

40
26
12
-2
-16
54
68
82
96

40
26
12
-2
-16
54
68
82
96

Z

86.8
86.8
86.8
86.8
86.8
86.8
86.8
86.8
86.8

72.8
72.8
72.8
728
72.8
72.8
72.8
72.8
72.8

170.8
170.8
170.8
170.8
170.8
170.8
170.8
170.8
170.8

184.8
184.8
184.8
184.8
184.8
184.8
184.8
184.8
184.8

CMM Measurements

¥

40.15
26.29
12.15
-1.79
-15.8
54.26
68.2
82.21
96.27

40.07
26.14
12.19
-1.92
-15.86
54.18
68.25
82.2
96.28

40.35
26.32
12.31
-1.72
-15.7
54.34
68.31
82.35
96.42

40.34
26.4
12.23
-1.76
-15.68
54.29
68.39
82.39
96.39

Z

87.1
87.13
87.12
87.11
87.08
87.09
87.15
87.11
86.99

73.07
7311
73.12
73.13
73.17
73
72.98
72.96
72.94

1143
171.21
171.18
171.2
17126
171.08
171.15
170.99
171.01

185.14
185.15
185.16
185.32
185.2
185.1
185.11
185.07
185.12
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G.4 AP Source Calibration plate

Figure G- 5 shows the fiducial layout on the AP XRII calibration plate, which each
fiducial being given a unique identity. Whereas, Table G- 7 and Table G- 8 depicts
the comparison between the specified and measured location of each fiducial
embedded on the AP XRII calibration Plate. It should be noted that all dimensions are

in millimetre.
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Figure G- 5 Fiducial layout on the AP Source calibration plate
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Line Fiducial
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Table G- 7 Comparison between specified and measured fiducial centre for the AP Source Plate -

Specified values

Y

46.5
33.5
20.5
7.5
-5.5
59.5
72.5
855

46.5
33.5
205
75
-5.5
59.5
72,5
85.5

46.5
33.5
20.5
7.5
-5.5
59.5
725
85.5

46.5
33.5
20.5
7.5
-5.5
59.5
72.5
85.5

z

148,05
148.05
148.05
148.05
148.05
148.05
148.05
148.05

135.05
135.05
135.05
135.05
135.05
135.05
135.05
135.05

122.05
122.05
122.05
122.05
122.05
122.05
122.05
122.05

109.05
109.05
109.05
109.05
109.05
109.056
109.05
109.05

CMM Measurements

Y

46.96
33.95
20.9
7.93
-5.07
59.9
72.88
85.92

46.87
339
20.88
7.89
-6.13
59.86
72.85
85.89

46.87
33.87
20.86
7.89
-5.09
58.88
72.89
85.88

46.87
33.83
20.85
7.82
-5.16
59.88
72.85
85.85

Z

148.63
148.69
148.72
148.74
148.79
148.59
148.58
148.55

135.68
135.66
135.68
135.69
135.75
135.61
135.6
135.56

122.63
122.68
122.68
122.72
122.72
1226
122.59
122.6

109.63
109.68
109.66
109.7
109.74
109.61
109.63
109.59
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Line Fiducial
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Specified values

Y

46.5
33.5
20.5
7.5
-5.5
69.5
72.5
85.5

46.5
335
20.5
7.5
5.5
59.5
72.5
85.5

46.5
335
20.5
7.5
-5.5
59.5
72.5
85.5

46.5
33.5
20.5
7.5
-5.5
59.6
72.5
86.5

Z

96.05
96.05
96.05
96.05
96.05
96.05
96.05
96.05

83.05
83.05
83.05
83.05
83.05
83.05
83.05
83.05

161.05
161.05
161.06
161.05
161.056
161.05
161.05
161.05

174.05
174.05
174.05
174.05
174.05
174.05
174.05
174.05

2

CMM Measurements

Y

46.87
33.84
20.83

7.84
-5.17
59.84
72.88
85.85

46.84
33.79
20.79

7.83
-5.19
59.84
72.87
85.85

46.89
33.92
20.93
7.9
-5.04
59.89
72.91
85.92

46.95
33.92
20.92
7.81
-5.04
59.94
72,93
85.96

%

96.62
96.64
96.66
96.67
96.67
96.65
96.58
96.58

83.63
83.65
83.67
83.68
83.71
83.6
83.61
83.62

161.65
161.71
161.71
161.74
161.74
161.59
161.58
161.57

174.64
1747
174.69
174.73
174.74
174.61
174.59
174.56
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X-Ray based Machine vision system for Robotic Assisted

Orthopaedic Surgery

F. Junejo’, K. Bouazza-Marouf, D. Kerr and A.). Taylor

Wolfson School of Mechanical and Manufacturing Engineering ,Loughborough University, UK
Abstract

In surgical procedures for femoral shafl fracture treatment, current techniques for locking af distal
holes on an intramedulilary nail (i.e. distal locking) rely heavily on the use of two-dimensional X-
ray images. 10 guide three-dimensional bone drilling processes. Therefore. a large number of X-ray
images are required as the surgeon uses his/her skills and experience to locate the distal hole axes.
Since the long term effects of X-ray radiation and their relation to different types of cancer still
remains unknown, there is a need to develop a surgical technique that can limit the use of X-rays
during the distal locking procedure. A Robotic-Assisted Orthopaedic Surgery System has been
developed at Loughborough University 1o assist orthopaedic surgeons by reducing the irradiation
involved in such operations. This system employs a novel approach of using a calibration frame
with an X-ray based vision system to measure the direction of the distal holes axes. The system
simplifies the current approach, as it uses only two near-orthogonal X-ray images, therchy
considerably reducing the irradiation to both surgeon and patient. Laboratory test results have
shown that the proposed system is very robust in the presence of variable noise and contrast in the

X-ray images,
I.Introduction

Nowadays, intramedullary nailing is the best available method for femoral shaft fracture treatment [1],
as it provides adequate stabilization for the mid-shaft fractures. However, in order to provide a more
effective fixation, i.e. rotational and axial stability, concept of distal locking has been introduced [2].
The intramedullary nail is in the form of a stainless steel tube with fixation holes at the proximal and

distal ends. The deformation of the intramedullary nail during surgical procedure makes the insertion of

? Corresponding author. Wolfson School of Mechanica) and Manufacturing Engineering,
Loughborough University, LE11 3TU, Loughborough, UK. Tel.:+44-1509-227579; Email address:
F.Junejo@lboro.ac.uk
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the distal locking screws the most demanding step. Many devices have been developed to assist
orthopaedic surgeons during distal locking. Examples include proximally mounted targeting devices
[3], image intensifier mounted devices [4], laser devices [5] and mechanical guides [6]. However, all of
these devices and techniques have deficiencies, for example, they are only selectively applicable, are
cumbersome and difficult to use, time consuming, or are not sufficiently accurate. Due to their
simplicity, free hand techniques are used nowadays by most of the surgeons as the best available
method for the distal locking procedure [7]. However, the free hand technique uses the so-called
“perfect circle approach” i.e. the position of the C-arm on the stationary leg is adjusted with continous
X-ray imaging until the two distal holes appear as near perfect circles rather than simply as ellipses.
The surgeon then adjusts the entry point and orientation of the drill so that its axis coincides with the
corresponding distal hole axis. Drilling proceeds incrementally, with each advance verified with a new
pair of X-ray images. The major disadvantages of this technique are excessive irradiation to both
surgeon and patient and lengthy operational time which depends extensively on the experience of the

surgeon.

2.Method

The aim of this study is to develop a system which can eliminate the conventional “perfect circle
approach”, thus reducing surgery time and the surgeon’s cumulative radiation exposure. Furthermore,
the outcome of the distal locking procedure will be improved by ensuring that the drill and the axes of
the distal holes are in alignment, thereby eliminating geometric errors and their associated
complications. The system determines the direction of the two distal holes axes with respect to a
calibration frame, which contains two Lateral and two AP calibration plates as shown in Figure 1(a).
These calibration plates have an array of fiducial markers embedded on them. The adopted technique is

implemented in the following manner:

2.1 Capture of Intraoperative X-ray images

In laboratory trials, two nearly orthogonal i.e. Lateral and Anterior-Posterior (AP) view X-ray images
of the distal end of the intramedullary nail are taken together with the calibration frame as shown in

Figure 1(b).
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Figure 1 (a) Calibration frame (b) Typical Lateral view (L.H.S) and AP view X-ray images during

laboratory trials

A simulation of the distal locking procedure is performed using a cylindrical nail of 14mm diameter
containing two distal holes of 6.8mm diameter that are 3cm apart to represent a standard intramedullary
nail. The nail is rotated by known angles (so that results obtained from image vision analyses can be

verified) using a specially designed test-rig.

Keeping in mind that robustness, reliability and repeatability are of paramount importance when
introducing new technologies in operating theatres, all the steps involved during image vision analyses
are fully automated, and hence the image vision system is user independent. Once intraoperative X-ray

images are obtained, image vision analyses are performed in the following manner:

2.2 Fiducial Recognition

X-ray Photogrammetry techniques work by introducing fiducials in radiographic images to reconstruct
3D locations of imaged object points. Therefore, at first, automatic fiducial recognition is carried out to
determine the image (pixel) co-ordinates of all the visible fiducials, in Lateral and AP X-ray images.

These fiducials link the real world and the 2D image space, due to their presence in both.
2.3 Localized Distortion correction

X-ray images have inherent distortion, mainly due to the internal geometry of the image intensifier and
the influence of magnetic fields on the electron acceleration within the X-ray tube. Therefore, localized
distortion correction based on fiducial neighbourhood scanning has been undertaken for intraoperative

distortion correction of the X-ray images [8]. Using localized distortion correction implies that data
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obtained directly from actual intraoperative images is used to perform distortion correction. As a result,
assumptions do not have to be made with regard to magnetic influence in the operating room, the

internal geometry of the Image Intensifier tube or the orientation of the C-arm unit.

2.4 Location of X-ray Source

X-rays can be considered to be a special case of central projection [8], in which all the rays pass
through a perspective centre i.e. focal point. Therefore, in order to convert 2-D image information into
3-D position, it is essential to determine the focal point in both Lateral and AP views. After fiducial
recognition, focal lines are constructed. Construction of the focal lines is accomplished by selecting an
image point within the registration image, and assigning its corresponding world co-ordinate to a point
on each of the two calibration plates in the relevant view. In this way. for a single image point, two
corresponding world co-ordinates form a line in space, i.e. a focal line. Ideally these focal lines should
intersect at a true focal point. However, due to the nature of X-ray imaging system, the lines do not
intersect in this way, thus an estimated focal point must be obtained. Therefore, to obtain the focal
point, the intersection of each pair of focal lines is obtained. For pairs which do not intersect, the point
of closest approach is determined as the intersection. The centre of gravity of this set of intersection

points is used to determine the estimated focal point.

2.5 Location of the nail axis

In order to determine the nail axis in space, automatic nail border detection is first carried out in both
Lateral and AP views. By assuming that the nail axis coincides with the centre of the nail borderlines,
the two boundary edges for the nail are then bisected to determine the nail axis in both views. In the
Lateral view it is possible to find points on the centre line of the nail. Once these points are known in
the image plane, a triangulation technique [9] is used to find their corresponding world coordinates on
the calibration plate. Both these points in conjunction with the Lateral view focal point define a plane.
A similar approach is carried out for AP view. Once these planes are defined in the Lateral and AP

views, their intersection defines the nail axis in space [10,11], as shown in Figure 2.
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Figure 2 Location of the nail axis in space

2.6 Feature extraction to determine drilling trajectory

During the rotation of the nail, the angle of the major axis of the oval-shaped distal hole projection
changes significantly, whereas the nail axis remains constant. Therefore, the region containing the
distal hole projection is selected from the Lateral view. Image segmentation is then performed to
extract the oval, the major axis of which is then determined using moments. The angle A between the
major axis of the oval and the nail axis, is then determined as a characteristic measurement, as shown

in Figure 3.

Major axis of oval

Figure 3 Angle between the major axis of the oval and the nail axis. (a) Concept. (b) Implementation

using image vision analyses

The desired drilling trajectory must pass through the centre of the distal hole, which can be obtained
from the intersection of the nail axis with the distal hole axis. This is achieved by intersecting the nail
axis with the line-of-sight that passes through the centre of the distal hole. In order to construct this

line-of-sight, the image (pixel) co-ordinates of the centre of the oval-shaped distal hole projection are
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measured using lateral view X-ray image. Then application of triangulation technique [9] to this
measured pixel location, allows the corresponding calibration plate intersection point “Pggy..” 10 be
calculated. Therefore, a line-of-sight is defined using the known focal point of the lateral view in

conjunction with “Psguee ', which passes through the centre of the distal hole O™ as shown in Figure 4.

Nail axis
Cahibranon plate

Image plane ——

Line of sight
Lateral Focal Poimt

Cross-section of’
Distal end of the nail

Figure 4 Determination of distal hole's centre

The angle ¢, between the nail axis and the line-of-sight yields the rotation of the nail about the X-ray

imaging axis in the Lateral view. The characteristic measurements, Aand ¢, are then used in

conjunction with a model of the nail (obtained using Manufacturer’s data) to determine the direction of

the axes of the distal holes.

2.7 Influence of contrast and noise variations

During this study, special attention has been given to the effect of variable contrast and noise in the X-
ray images on image vision analyses. To measure accurately the performance of vision system, the
combined effects of noise and contrast must be evaluated. Since the contrast of an X-ray image is
controlled by a combination of X-ray tube voltage and current, different combinations of voltage and
current are used during laboratory trials to achieve a wide range of contrast in the X-ray images. Noise
can prove to be a major limiting factor in image segmentation. Simulated Gaussian noise of known
mean and standard deviation was added to each of the variable contrast images. Subsequent tests
showed that good repeatability (less then 0.1° difference in measurement of the distal holes axes

direction) could be obtained for up to 15% of gaussian noise across a wide range of contrast.

3. Results and Conclusion
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In this study, an automated image vision system is presented to determine the position and orientation
of the axes of the distal holes of the intramedullary nail by using only two intraoperative X-ray images.
The system is tested with data obtained through laboratory trials as described in section 2.1. The
analyses have shown that the proposed algorithm is able to predict the rotation of the nail about its long
axis with a mean accuracy of 0.20° (worst case being 0.35”) which is well within the acceptable limit
of +/- 1. Therefore, the aim of reducing X-ray radiation exposure to the minimum possible in locating

accurately the axes of the distal holes of intramedullary nail has been successfully achieved.
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X-ray based machine vision system for distal locking of

intramedullary nails
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' The Wolfson School of Mechanical and Manufacturing Engineering, Loughborough
University, UK
5 Department of Orthopaedic Surgery, Glenfield Hospital, Leicester, UK

Abstract

In surgical procedures for femoral shaft fracture treatment, current techniques for
locking the distal end of intramedullary nails, using two screws, rely heavily on the
use of two-dimensional X-ray images to guide three-dimensional bone drilling
processes. Therefore, a large number of X-ray images are required, as the surgeon
uses his/her skills and experience to locate the distal hole axes on the intramedullary
nail. The long term effects of X-ray radiation and their relation to different types of
cancer still remain uncertain. Therefore, there is a need to develop a surgical
technique that can limit the use of X-rays during the distal locking procedure. A
Robotic-Assisted Orthopaedic Surgery System has been developed at Loughborough
University to assist orthopaedic surgeons by reducing the irradiation involved in such
operations. The system simplifies the current approach as it uses only two near-
orthogonal X-ray images to determine the drilling trajectory of the distal locking
holes, thereby considerably reducing irradiation to both the surgeon and patient.
Furthermore, the system uses robust machine vision features to reduce the surgeon’s
interaction with the system, thus reducing the overall operating time. Laboratory test
results have shown that the proposed system is very robust in the presence of variable
noise and contrast in the X-ray images.

Keywords: robotic/computer-assisted orthopaedic surgery, intramedullary nailing,
distal locking
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Notation

D Distance between the X-ray source and the calibrarion frame

O Centre of the dista) hole

Py, Corresponding points on the Source and XRI plate for image point
representing the centre of the oval

Pﬂuun:c ’

ot Homogenous transformation matrix describing the theodolite frame of
reference relative to calibration frame co-ordinate system

A Angle between the major axis of the oval and the nail axis

] Angle between the nail axis and X-ray imaging axis

a Rotation of the nail about its own axis

I Introduction

The femur, or thigh bone, is the longest, largest and strongest bone of the human body
[1]. Femoral-shaft fractures commonly occur as a result of road accidents, falls, and
gunshot wounds. In addition, osteoporosis in elderly people dramatically increases the
risk of femur fracture. Closed intramedullary nailing (IMN) has shown its efficacy in
the treatment of diaphyseal fractures of long bones, especially of complex fractures of
the femur. The concept behind IMN is to insert a nail (a stainless steel tube) into the
bone canal from the proximal end. This allows the surgeon to perform both the
reduction and stabilization procedures without the complications of opening the
fracture site, thereby reducing further damage to the traumatized area. This results in
lower blood loss, lower infection risk, shorter hospitalisation time and reduced
morbidity. Due to these advantages, IMN has become the standard treatment for long
bone fractures.

Although conventional IMN with only proximal locking may provide adequate
stabilization of mid-shaft fractures, the concept of distal locking was introduced in
order to provide more effective fixation. Distal locking involves attaching the nail to
the bone fragment at the distal end of the femur by means of screws, as shown in
Figure 1, to provide rotational and axial stability.

Proxzimal locking screw

Femoral shaft
Intramedullary Nail

Figure 1 Femoral shaft fracture treatment using Intramedullary Nailing




APPENDIX H: Publications 366

A number of problems are faced by orthopaedic surgeons during distal locking of
intramedullary nails, the most serious being:
¢ The intramedullary nail may deform by several millimetres on its passage
through the medullary canal to conform to the bone canal shape [2]. Therefore,
without compensation for nail deformation, it is impossible to place the distal
locking screws correctly using an external guide attached to the proximal end
of the nail, as is.used for proximal locking screws.
* The use of two-dimensional X-ray images to guide three-dimensional bone
drilling procedures means that a large number of X-ray images are required.
The surgeon has to mentally correlate the surgical tool and desired drilling
trajectory without direct visual feedback. Hence sets of X-ray images must be
frequently acquired to ascertain each new position of the surgical tool.

These difficulties make the insertion of the distal locking screws the most demanding
step of the IMN operation [2]. In order to overcome these difficulties many devices
have been developed to assist orthopaedic surgeons in performing distal locking.
Examples include proximally mounted targeting devices|3] , image intensifier
mounted devices [4]. laser devices [5], stereo fluoroscopy (6], magnetic 7] and
mechanical guides [8]. However, all of these devices and techniques have
deficiencies. For example, they lack versatility (i.e. only selectively applicable), are
unstable and not easy to use, are time consuming or are not sufficiently accurate.

Free-hand techniques are currently used by most surgeons as the best available
method for the distal locking procedure. However, surgeons rely heavily on hand-eye
coordination during the entire procedure and therefore both the duration and outcome
of the procedure are highly dependent upon the skill and the experience of the
surgeon. Madan et al [9] have demonstrated that the average time of radiation
exposure during femoral nailing reduces to one-third when performed by a consultant
rather than a middle-grade surgeon. The free-hand technique uses the so-called
“perfect circle approach™ in which the position of the C-arm fluoroscopy unit in
relation to the stationary leg is adjusted using X-ray imaging until the two distal holes
appear as near perfect circles rather than as ellipses. The surgeon then uses additional
X-ray images to adjust the entry point and orientation of the drill bit to align it with
the corresponding distal hole axis. Drilling proceeds incrementally, with each advance
verified with a new pair of near orthogonal X-ray images resulting in excessive
irradiation to the surgeon and patient. According to Mehlman et al [10] the total
radiation exposure time for femoral intramedullary nailing with proximal and distal
locking varies between 3.1 and 31.4min, with distal locking alone occupying up to 30
to 50 percent of the total radiation exposure time. Therefore, there is concern among
orthopaedic surgeons about the high levels of exposure to radiation associated with
intraoperative C-arm fluoroscopy during the distal locking procedure [11], as there is
evidence that carcinogenic potential exists from low-dose, low-energy radiation [12].

The risk of intraoperative radiation to orthopaedic surgeons has recently been the
impetus for many researchers to develop surgical techniques that would limit the need
for fluoroscopy during distal locking of intramedullary nails. Nolte et al [13, 14]
developed a computer-assisted free-hand navigation system that uses intraoperative
X-ray images as a basis for real-time navigation of surgical tools. It separates image
acquisition from the surgical procedure, as it offers continuous intraoperative
guidance to surgeons by producing real time positioning of the surgical tool overlaid
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on stored X-ray images. The system consists of an optical tracking system: optically
tracked calibration grid attached to the image intensifier of the C-arm and optically
tracked markers placed on both the implant and the surgical tool. There are other
commercially available computer-assisted fluoroscopy based surgical navigation
systems, such as SurgiGATE (Medivision, Switzerland) and Fluoronav (Medtronic,
USA). Phillips et al [15. 16] have developed a computer-assisted orthopaedic surgery
system which also uses optical tracking cameras and includes a lockable passive arm.
The arm is used to align a drill guide with the computed trajectory using a graphical
display. However, although these surgical assist systems reduce the irradiation to the
surgeon they may result in a longer overall procedure time in comparison to the free-
hand technique [17]. Furthermore, these systems require an unobstructed line-of-sight
between the optical tracking cameras and infrared LEDs mounted on the image
intensifier and the surgical tool (or drill guide), resulting in a limitation of free
movement by the surgical personnel.

The system, developed at Loughborough University by Bouazza-Marouf er al |18-21]
for robotic assisted internal fixation of hip fractures and distal locking of
intramedullary nails uses a calibration frame, shown in Figure 2, and a C-arm X-ray
unit. The calibration frame contains two Lateral and two AP (Anterior-Posterior)
calibration plates, with each plate containing an array of embedded fiducial markers
(stainless steel balls). The drilling trajectory is computed from two near orthogonal
intraoperative X-ray images taken with the calibration frame in position around the
body part of interest. The radiopaque reference markers (inserted in the radiolucent
plates of the calibration frame) which are visible on each X-ray view and image points
of interest (e.g. as shown in Figure 3) are used to establish the drilling trajectory with
respect to the calibration frame co-ordinate system. Speed, robustness, reliability and
repeatability are of paramount importance when introducing any new technology into
the operating theatre. Therefore, the novelty of the work presented in this paper lies
in the robustness of the machine vision system and the offline CAD Modelling of the
intramedullary nail. Look-up tables are obtained by off-line CAD modelling of nails
of different shapes and dimensions, and all the steps involved during image analysis
have been fully automated to make the vision system user independent and very
efficient in terms of time taken to determine the drilling trajectory.

Figure 2 Calibration frame
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Furthermore, the adopted machine vision system, is shown in Section 3 to be very
robust in the presence of variable noise and contrast in the X-ray images and in terms
of variable magnification. Therefore, the benefits of this approach are:
e The use of off-line modelling of the nail reduces the length of time of the
surgical procedure.
e The method allows modelling of any shape of intramedullary nail accurately;
therefore nails from different manufacturers can be modelled.
e User independent image analysis, and
¢ Robustness of the machine vision system.

[t should be noted that there are two types of intramedullary nails, slotted and solid
nails. Slotted nails may have large deformation due to the relative low stiffness as
compared to solid nails. The latter nails have virtually negligible local (at the distal
holes) deformation to affect the circularity of the holes. This work relates to solid
intramedullary nails.

2 The Loughborough Orthopaedic Assistant System: X-ray Image
analysis

The Loughborough robotic-assisted orthopaedic surgery system. described in Section
1, uses a calibration frame for calibration and registration purposes rather than relying
on an optical tracking system such as Optotrak. Two near orthogonal Lateral and AP
X-ray images of the distal end of the intramedullary nail are taken with the calibration
frame in position. The calibration frame and typical X-ray images are shown in Figure

-

i

[IE:::___ e Lateral X-ray image AP X-rav image

O
L AP view
Calibration plates

-/

f‘

Lateral view
(a) Calibration plates (b)

Figure 3 (a) Calibration frame (b) Typical Lateral and AP X-ray images

Simulation of the distal locking procedure was performed using a specially designed
test-rig incorporating a cylindrical nail of 14mm diameter containing two distal holes
of 7mm diameter spaced 30mm apart to represent a typical intramedullary nail. The
nail can be rotated accurately by known angles so that results obtained from image
analysis could then be verified. The experimental results are given in Section 3. For
clarity, the remainder of this section describes the machine vision system together
with the enhancements made in order to reduce the length of time of the surgical
procedure in determining the drilling trajectory for IMN distal locking. The image
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analysis protocol depicted by the flow diagram of Figure 4 is followed once the
[Lateral and AP intraoperative X-ray images are acquired.

Fiducial ; ol Localized Distortion . Location of X-Ray
recognition ] correction Source
\
| | =
Location of | Feature extraction from the distal hole's oval
» Intramedullary nail > shaped projection to determine the drilling
(IMN) axis trajectory of the distal locking hole

Figure 4 Flow diagram of X-ray image analysis

Fiducial Recognition

X-ray Photogrammetry techniques work by introducing fiducials in radiographic
images to reconstruct 3D locations of known object points. Therefore, firstly,
automatic fiducial recognition is carried out to determine the image (pixel) co-
ordinates of all the visible fiducials, in both Lateral and AP X-ray images. For fiducial
recognition this study employs a localized thresholding approach by dividing the
whole image into small sub-regions in which each fiducial is processed individually.
Any error in fiducial recognition can induce errors in distortion correction and focal
point determination. Therefore, any partially imaged fiducials on the edge of the X-
ray image and fiducials touching the edges of the nail (shown in Figure 5) are
automatically identified and are not considered in the subsequent analysis.

Partially imaged
fiducial

dullary nail

i Fiducial on
nail edges

Figure 5 Fiducial Recognition in Lateral X-ray image
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Localized Distortion correction

X-ray images have inherent distortion, mainly due to the internal geometry of the
image intensifier and the influence of magnetic fields on the electron acceleration
within the X-ray tube. Therefore, localized distortion correction based on fiducial
neighbourhood scanning has been undertaken for intraoperative distortion correction
of the X-ray images [19, 21]. This approach allows data obtained directly from actual
intraoperative images to be used to perform distortion correction. As a result,
assumptions do not have to be made with regard to magnetic influence in the
operating room, the internal geometry of the image intensifier tube or the orientation
of the C-arm unit.

Location of the X-ray Source

X-rays can be considered to be a special case of central projection. in which all the
rays pass through a perspective centre, or focal point [19, 21]. This point is not
identifiable as a physical feature of the X-ray machine but lies at a virtual point
behind the X-ray tube. Therefore, in order to convert 2-D image information into a 3-
D position, it is essential to determine the focal point in both Lateral and AP views.
Once fiducial recognition has been performed both the image (pixel) and world (mm)
coordinates of fiducials appearing within the field of view are known. Focal lines are
then constructed to determine the location of the X-ray source. Construction of the
focal lines is accomplished by selecting image points within the intraoperative X-ray
image and assigning their corresponding world co-ordinates to a point on each of the
two calibration plates in the relevant view. For this purpose, centres of some of the
detected fiducials on the XRII calibration plate (i.e. the calibration plate nearest to the
X-ray image intensifier) are selected as image points, as their world co-ordinates are
already known, thereby avoiding any calculation error. For each of these image
points a corresponding point on the adjacent source calibration plate (i.e. the
calibration plate nearest to the X-ray source) is obtained, as described in [21]. The
intersection of each pair of focal lines is obtained and, for pairs which do not intersect
due to the nature of X-ray imaging systems, the point of closest approach is
determined as the intersection. The centre of gravity of the volume of this set of
intersection points is then used as the focal point i.e. the estimated location of the X-
ray source.

Location of the nail axis

In order to determine the nail axis in space, automatic nail border detection is carried
out in both Lateral and AP views. The borderlines of the nail can be obtained by
analysing the two major transitions in grey level values within a profile drawn across
the nail. However, measuring the nail edges only once can lead to potential errors,
such as presence of a fiducial within the selected profile. Therefore, for nail edge
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detection, multiple parallel line profiles on both sides of the distal hole projection are
generated as shown in Figure 6.

- L ] - - Y . |

Figure 6 Nail edge detection in Lateral view

By assuming that the nail axis coincides with the centre of the nail borderlines, the
two boundary edges for the nail are bisected to determine the nail axis in both the
Lateral and AP views. In the Lateral view it is possible to find two points on the
centre line of the nail. Once these points are known in the image plane the
triangulation technique described in [21] is used to find their corresponding world
coordinates on the calibration plate. Both these points in conjunction with the Lateral
view focal point define a plane. A similar approach is carried out for the AP view.
Once these planes are defined in the Lateral and AP views, their intersection defines
the nail axis in space [16, 20], as shown in Figure 7.
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Figure 7 Recovery of the nail axis in space

Determination of the drilling axis for distal holes

The features that are used to determine the drilling trajectory are: the angle A (shown
in Figure 8) between the major axis of the oval and the nail axis, target point (which is
the intersection of the distal hole axis and the nail axis) and the angle ¢ (shown in
Figure 10) between the x-ray imaging axis and the nail axis. These features are
described below.

The angle of the major axis of the oval-shaped distal hole projection changes
significantly with respect to the nail axis, when the nail is rotated about its own axis.
Therefore, the region containing the distal hole projection is automatically selected
from the Lateral view X-ray image and image segmentation is performed to determine
the major axis of the oval. The angle A between the major axis of the oval and the
nail axis is then determined as a characteristic measurement.
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Major axis of oval

Nail axis

Figure 8 Angle between the major axis of the oval and the nail axis. (a) Concept. (b) Implementation
using image analysis

On occasions, however, the image of the hole will contain a fiducial at the edge or
entirely within the oval. Therefore, once the region containing the distal locking hole
is selected, a check is made in the surroundings of the oval to determine the presence
of any fiducial. In the case of a fiducial lying completely within the oval it is
relatively easy to convert that fiducial into part of the oval. However, in the case of a
fiducial lying on the edge of the oval, e.g. as shown in Figure 9, an algorithm has been
developed to remove the fiducial region within the oval.

Figure 9 Major axis determination of the oval when a fiducial lies at the edge of the oval.

The desired drilling trajectory must pass through the centre of the distal hole, i.e. the
target point, which is the intersection of the nail axis with the distal hole axis. This
point is found by intersecting the nail axis with the line-of-sight that passes through
the centre of the distal hole. In order to construct this line-of-sight, the image (pixel)
co-ordinates of the centre of the oval-shaped distal hole projection are determined
using the Lateral X-ray image. Then application of the triangulation technique to this
measured pixel location allows the corresponding calibration plate intersection point,
“Psource » to be calculated. Therefore a line-of-sight is defined using the known focal
point of the Lateral view in conjunction with “Psgee” Which passes through the target
point “O”, as shown in. The angle # between the nail axis and line-of-sight (defined
by the line passing through the target point “O™ and Lateral focal point), as shown in
Figure 10, yields the orientation of the nail with respect to the X-ray imaging axis.
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Figure 10 Determination of the centre of the distal hole and ¢

With the adopted technique, in addition to the angles A .# and the coordinates of the
centre of the distal hole (target point), it is also necessary to determine the rotation of
the nail ¢ about its long axis with respect to the line-of-sight as shown in Figure 11.
For this purpose 3D modelling of the nail is done using the manufacturer’s data, then,
using this model, simulation for a range of values of @and ¢ is performed. For each
unique rotation of the nail the oval shaped projection of the distal locking hole is
automatically analysed to determine the angle between the major-axis of the oval and
the nail axis i.e. A.This value of 4, obtained from the modelling of the nail, together
with the corresponding values of # and ¢, is then imported into Matlab to build a

look-up table. The angles Aand ¢ obtained from the image analysis are then entered
as input into the look-up-table software to obtain the rotation angle#.

Distal hole

Nail Cross-section
Figure 11 Rotation of the nail about its long axis

The drilling trajectory is then defined using the derived position of the centre of the
distal hole (target point) and the angles @ and ¢ .
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3 Accuracy evaluation of the machine vision system

In order to evaluate the accuracy of the computer vision system, the drilling
trajectory, as computed with respect to the calibration frame, was compared with the
true drilling trajectory obtained using theodolite measurements. The following
procedure was adopted:

1. Several points on the surface of the Lateral XRII calibration plate were measured
using two theodolites to define the calibration frame co-ordinate system with
respect to the theodolite frame of reference, i.e. to obtain the homogenous
transform 7, where “CF" and "TH’ refer to calibration frame and theodolite
respectively.

2. A cylindrical nail of 14mm diameter containing two distal holes of 7mm was
attached to a test rig. To cover a wide range of possible nail orientations likely to
be encountered during the surgical procedure, this test rig was used to simulate
different rotations (#)of the nail about its own axis, with the nail at different
orientations (¢) with respect to the X-ray imaging axis. In order to define the true
trajectory of the distal locking hole, a test piece comprising a solid eylinder of

7 00, mm diameter with an integral concentric disc of 50mm diameter at one end

was fitted in the hole. On the surface of this disc five points, including the centre,
were measured with respect to the theodolite frame of reference to determine the
central axis v of the test piece and thus the distal hole axis with respect to the
theodolite frame of reference.

3. The central axis of the distal locking hole with respect to the calibration frame
obtained as:

Py t!}ﬂ~_ Ty e :?T 1L,

was then compared to the computed drilling trajectory described in Section 2.

Additionally, the position of the Lateral X—ray source was varied, as discussed in
Section 0, to evaluate the influence of X-ray magnification on the accuracy of the
vision system.

The results from the laboratory trials are summarized in Figure 12. The corresponding
numbers in Figure 12 (a) and 12 (b) represent the entry and exit points respectively
for the nine drilling trajectories. Analysis has shown that a mean positional error of
0.81mm (worst case being 1.18 mm, as depicted by trajectory 5) and mean angular
error of 1.01° (worst case being1.25°, as depicted by trajectory 2) were obtained. These
values are considered acceptable for inserting a guide wire of 2.5mm diameter into the
distal locking hole of 7mm diameter (or a 5Smm diameter distal locking hole) and the
subsequent screw insertion.

In light of previous research by Phillips ef a/ [15, 16], and in consultation with
orthopaedic surgeons, successful drilling of the pilot hole (for locking screw) using a
guide wire will result in the successful locking of distal holes of an intramedullary
nail. Therefore, based on the results obtained from the laboratory trials presented in
this paper, the proposed system provides the accuracy required for a successful
insertion of distal locking screws.
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excursion of drill axis

4.5mm

7mm >
(a) Entry point for drilling trajectory at the distal locking hole

| (b) Exit point for drilling trajectory at the distal locking hole

Figure 12 Results from accuracy evaluation of the computer vision system

To evaluate the robustness of the system, the effect of the position of the C-arm X-ray
unit with respect to the calibration frame, and also contrast and noise variations in the
X-ray images, have been studied, as discussed below.
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Effect of X-ray source position on the Lateral view image

In the adopted procedure the C-arm image intensifier is positioned as close as possible

to the calibration frame plates in the AP view. however, in the Lateral view the
position of the image intensifier (and thus the position of the X-ray source) can vary.
Therefore the effect of positioning of the X-ray source has been evaluated.

In X-ray imaging, object points nearer to the X-ray source experience higher
magnification than object points nearer to the image plane. Therefore, during
laboratory trials, in order to determine the robustness of the image analysis in
predicting nail rotation about its long axis at different magnifications, three different
positions of the X-ray source with respect to the calibration frame were used for each
set of rotations (¢ and 0) of the nail. During the trials three values of “D” (shown in
Figure 13) used were 345, 395 and 445mm i.e. a difference of S0mm between the
positions. The latter distance represents a standard position of the X-ray source for
the Lateral image.

»l
e "
X-ray ] Image
Sourcel~  Calibration frame Intensifier

C-arm

Figure 13 Positioning of X-ray source relative to calibration frame

Analysis showed that, for different values of D, the maximum deviation in predicting
the rotation of the nail about its long axis is found to be 0.08°. This shows the
robustness of the image segmentation techniques used and is an indication of its
suitability for clinical application.

Influence of contrast and noise variations on image analysis

During this study, special attention has been given to the effect of variable contrast
and noise in the X-ray images on the image analysis. To measure accurately the
performance of the vision system the combined effects of noise and contrast must be
evaluated. Since the contrast of an X-ray image is controlled by a combination of X-
ray tube voltage and current, different combinations of voltage and current were used
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during laboratory trials to achieve a wide range of contrast in the images. Noise can
prove to be a major limiting factor in image segmentation, as image quality degrades
very quickly when noise increases. Simulated Gaussian noise was added at various
levels between 5% and 15% to each of the variable contrast images using a
proprietary image processing package. Subsequent tests showed that good
repeatability (less then 0.1° difference in measurement of the distal holes axes
direction) could be obtained for up to 15% of gaussian noise across a wide range of
contrast.

4 Discussion

Current free-hand techniques employed for distal locking of intramedullary nails use a
large number of x-ray images during each step, resulting in excessive irradiation to
both the surgeon and patient. Also the outcome of the procedure is largely dependent
upon the surgeon’s skills and experience, resulting in variable operating time and,
occasionally, misplacement of screws. To reduce surgery time and the surgeon’s
cumulative radiation exposure, and to improve the accuracy and repeatability of the
distal locking procedure, an automated X-ray based vision system has been developed
at Loughborough University. This system minimises the changes to current surgical
procedures and takes into account the physical constraints of the operating theatre,
adopting a novel approach based on the use of a calibration frame in conjunction with
offline modelling of the nail.

A potential problem with the Loughborough Orthopaedic Assistant System (LOAS) is
the appearance of one or more of the opaque markers (embedded in the calibration
frame plates) within or on the edge of the oval-shaped distal hole projection. An
automatic technique has been implemented which removes the effect of such markers
in computing the area of the oval and the angle between the major axis of the oval and
the nail axis, both of these measurements being necessary for derivation of the
drilling trajectory. This technique eliminates the need for repositioning the calibration
frame or using a smaller number of opaque markers. Also, the adopted off-line
modelling of the nail to generate look-up tables reduces the length of time for the
computation of the drilling trajectory and thus has the potential for reducing the
overall time required for the surgical procedure. Furthermore, the vision system is
user-independent as all the steps involved during image analysis are fully automated.
A graphical user interface (GUI) has been developed that assists and updates the user
throughout the procedure. It has also been shown that the LOAS is very robust in the
presence of variable noise and contrast in the X-ray images and in terms of variable
magnification, thus making it suitable for clinical use.

The LOAS differs from existing computer-assisted orthopaedic surgery systems, as it
eliminates the need for optical tracking equipment which tends to clutter the operating
theatre environment and requires care in maintaining the line of sight. Additionally
use of optical tracking equipment makes such systems an expensive method for
surgical guidance in distal locking of intramedullary nails. In contrast, the LOAS can
be implemented by adopting the simplified approach of using a standard C-arm in
conjunction with the calibration frame (shown in Figure 2). Therefore the LOAS is
more cost-effective and more suitable for clinical applications.
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During laboratory trials of the LOAS, a mean positional error of 0.8 1mm and a mean
angular error of 1.01° were obtained, in planning the drilling trajectory for the
insertion of distal locking screws for different orientations of the nail. Whereas,
Phillips et al {16] at Hull University have reported a mean positional error and a mean
angular error within 0.3mm and 0.2° respectively. Although the accuracy achieved by
the Hull system is better compared to the LOAS results, the image analysis protocol
and system set-up are user-dependent. The system requires the surgeon (or user) to
manually select some features on the intraoperative Lateral and AP images, and most
importantly it requires optical tracking equipment which results in a more involved
and time consuming set-up. The LOAS reduced accuracy, which is acceptable for
distal locking of intramedullary nails,is a result of a simplified (practical) system
which involves the use of a I" shaped calibration frame (shown in Figure 2) instead of
a frame which fits around the leg. That is, the increased errors are mainly due to the
adopted extrapolation technique instead of the preferred, but practically difficult to
implement, interpolation technique.

Nowadays, there is a trend towards applying computer-assisted free-hand navigation
systems for different surgical procedures, including distal locking of intramedullary
nails. These systems are based on the optical tracking of the C-arm, implant and
surgical tools. However, they do not take into account the bending of the nail during
insertion and therefore rely on the re-alignment of the C-arm to obtain perfect circles
of the distal hole during the surgical procedure, which is time consuming and requires
a pre-calibration of the C-arm. Unlike the surgical navigation systems, the LOAS
does not require the intraoperatively acquired Lateral view image to show perfect
circles, and does not need the pre-calibration of the C-arm. Also, use of surgical
navigation systems requires expertise and additional personnel to set up the
navigation systemnt.

In summary, the LOAS has the potential of reducing significantly the X-ray
irradiation during distal locking procedures, while the outcome of the procedure will
be improved as the system has the potential to reduce the occurrence of screw
misplacement, as demonstrated by Figure 12. Additionally the LOAS, which is also
applicable to other osteosynthesis procedures, such as tibial distal locking and
humeral shaft fracture treatment, has the potential to reduce the surgical time and to
make the procedure more consistent, irrespective of variations in the skill levels and
experience of clinical staff.
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