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1Computer-Aided Orthopaedic
Surgery: State-of-the-Art and Future
Perspectives

Guoyan Zheng and Lutz-P. Nolte

Abstract

Introduced more than two decades ago,
computer-aided orthopaedic surgery (CAOS)
has emerged as a new and independent
area, due to the importance of treatment
of musculoskeletal diseases in orthopaedics
and traumatology, increasing availability of
different imaging modalities and advances in
analytics and navigation tools. The aim of
this chapter is to present the basic elements
of CAOS devices and to review state-of-the-
art examples of different imaging modalities
used to create the virtual representations,
of different position tracking devices for
navigation systems, of different surgical
robots, of different methods for registration
and referencing, and of CAOS modules that
have been realized for different surgical pro-
cedures. Future perspectives will be outlined.
It is expected that the recent advancement
on smart instrumentation, medical robotics,
artificial intelligence, machine learning, and
deep learning techniques, in combination with
big data analytics, may lead to smart CAOS
systems and intelligent orthopaedics in the
near future.

G. Zheng (�) · L.-P. Nolte
Institute for Surgical Technology and Biomechanics,
University of Bern, Bern, Switzerland
e-mail: guoyan.zheng@istb.unibe.ch

Keywords

Computer-aided orthopaedic surgery
(CAOS) · Smart instrumentation · Medical
robotics · Artificial intelligence · Machine
learning · Deep learning · Big data analytics ·
Intelligent orthopaedics

1.1 Introduction

The human musculoskeletal system is an organ
system that includes the bones of the skeleton and
the cartilages, ligaments, and other connective
tissues that bind tissues and organs together. The
main functions of this system are to provide form,
support, stability, and movement to the body.
Bones, besides supporting the weight of the body,
work together with muscles to maintain body
position and to produce controlled, precise move-
ments. Musculoskeletal disease is among the
most common causes of severe long-term disabil-
ity and practical pain in industrialized societies
[1]. The impact and importance of musculoskele-
tal diseases are critical not only for individual
health and mobility but also for social function-
ing and productivity and economic growth on a
larger scale, reflected by the proclamation of the
Bone and Joint Decade 2000–2010 [1].

© Springer Nature Singapore Pte Ltd. 2018
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Both traumatology and orthopaedic surgery
aim at the treatment of musculoskeletal tissues.
Surgical steps such as the placement of an im-
plant component, the reduction and fixation of
a fracture, ligament reconstruction, osteotomy,
tumour resection, and the cutting or drilling of
bone should ideally be carried out as precisely as
possible. Not only will optimal precision improve
the post-operative outcome of the treatment, but
it will also minimize the risk factors for intra-
and post-operative complications. To this end,
a large number of pure mechanical guides have
been developed for various clinical applications.
The pure mechanical guides, though easy to use
and easy to handle, do not respect the individual
patient’s morphology. Thus, their general ben-
efit has been questioned (see for example [2]).
Additionally, surgeons often encounter the chal-
lenge of limited visibility of the surgical situs,
which makes it difficult to achieve the intended
procedure as accurately as desired. Moreover,
the recent trend towards increased minimally
invasive surgery makes it more and more im-
portant to gain feedback about surgical actions
that take place subcutaneously. Just as a Global
Positioning System (GPS)-based car navigation
provides visual instruction to a driver by display-
ing the location of the car on a map, a computer-
aided orthopaedic surgery (CAOS) module al-
lows the surgeon to get real-time feedback about
the performed surgical actions using information
conveyed through a virtual scene of the situs
presented on a display device [3, 4]. Parallel to
the CAOS module to potentially improve surgical
outcome is the employment of surgical robots
that actively or semi-actively participate in the
surgery [5].

Introduced more than two decades ago [3–5],
CAOS has emerged as a new and independent
area and stands for approaches that use computer-
enabled tracking systems or robotic devices to
improve visibility to the surgical field and in-
crease application accuracy in a variety of sur-
gical procedures. Although CAOS modules use
numerous technical methods to realize individual
aspects of a procedure, their basic conceptual
design is very similar. They all involve three ma-
jor components: a therapeutic object (TO in ab-

breviation, which is the target of the treatment),
a virtual object (VO in abbreviation, which is
the virtual representation in the planning and
navigation computer), and a so-called navigator
that links both objects. For reasons of simplicity,
the term “CAOS system” will be used within this
article to refer to both navigation systems and
robotic devices.

The central element of each CAOS system is
the navigator. It is a device that establishes a
global, three-dimensional (3-D) coordinate sys-
tem (COS) in which the target is to be treated
and the current location and orientation of the
utilized end effectors (EE) are mathematically
described. End effectors are usually passive sur-
gical instruments but can also be semi-active or
active devices. One of the main functions of
the navigator is to enable the transmission of
positional information between the end effectors,
the TO and the VO. For robotic devices, the robot
itself plays the role of the navigator, while for
surgical navigation a position tracking device is
used.

For the purpose of establishment of a CAOS
system through coactions of these three entities,
three key procedural requirements have to be
fulfilled. The first is the calibration of the end
effectors, which means to describe the end ef-
fectors’ geometry and shape in the coordinate
system of the navigator. For this purpose, it is
required to establish physically a local coordinate
system at the end effectors. When an optical
tracker is used, this is done via rigid attach-
ment of three or more optical markers onto each
end effector. The second is registration, which
aims to provide a geometrical transformation
between the TO and the VO in order to display
the end effect’s localization with respect to the
virtual representation, just like the display of
the location of a car in a map in a GPS-based
navigation system. The geometrical transforma-
tion could be rigid or non-rigid. In literature,
a wide variety of registration concepts and as-
sociated algorithms exist (see the next section
for more details). The third key ingredient to a
CAOS system is referencing, which is necessary
to compensate for possible motion of the navi-
gator and/or the TO during the surgical actions
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to be controlled. This is done by either attach-
ing a so-called dynamic reference bases (DRB)
holding three or more optical markers to the
TO or immobilizing the TO with respect to the
navigator.

The rest of the chapter is organized as follows.
Section 1.2 will review the state-of-the-art exam-
ples of basic elements of CAOS systems. Section
1.3 will present clinical fields of applications. In
Sect. 1.4, future perspectives will be outlined,
followed by conclusion in Sect. 1.5.

1.2 Basic Elements of CAOS
Systems

1.2.1 Virtual Object

The VO in each CAOS system is defined as a
sufficiently realistic representation of the mus-
culoskeletal structures that allows the surgeon to
plan the intended intervention, as exemplified in
Fig. 1.1a Intra-operatively, it also serves as the
“background” into which the measured position
of a surgical instrument can be visualized (see
Fig. 1.1b for an example). Though most of the
time VO is derived from image data of the pa-
tient, it can also be created directly from intra-
operative digitization without using anymedical

image data. Below detailed examples of different
forms of VOs will be reviewed.

When the VO is derived from medical image
data, these data may be acquired at two points in
time: either pre-operatively or intra-operatively.
Two decades ago, the VOs of majority CAOS
systems were derived from pre-operatively ac-
quired CT scans, and a few groups also tried to
use magnetic resonance imaging (MRI) [6, 7]. In
comparison with MRI, CT has clear advantages
of excellent bone-soft tissue contrast and no ge-
ometrical distortion despite its acquisition induc-
ing radiation exposure to the patient. Soon after
the introduction of the first CAOS systems, the
limitations of pre-operative VOs were observed,
which led to the introduction of intra-operative
imaging modalities. More specifically, the bony
morphology may have changed between the time
of image acquisition and the actual surgical pro-
cedure. As a consequence, the VO may not nec-
essarily correspond to the TO any more leading
to unpredictable inaccuracies during navigation
or robotic procedures. This effect can be particu-
larly adverse for traumatology in the presence of
unstable fractures. To overcome this problem in
the field of surgical navigation, the use of intra-
operative CT scanning has been proposed [8], but
the infrastructural changes that are required for
the realization of this approach are tremendous,

Fig. 1.1 Example of CT-based navigational feedback.
These screenshots show a CT-based CAOS system during
pre-operative planning (a) and intra-operative navigation

(b) of pedicle screw placement. (Courtesy of Brainlab AG,
Munich, Germany)
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Fig. 1.2 Example of fluoroscopy-based navigation. This screenshot shows the fluoroscopy-based navigation for distal
locking of an intramedullary nail. (Courtesy of Brainlab AG, Munich, Germany)

often requiring considerable reconstruction of a
hospital’s facilities. This has motivated the de-
velopment of navigation systems based on fluo-
roscopic images [9–11]. The image intensifier is
a well-established device during orthopaedic and
trauma procedures but has the limitations that the
images generated with a fluoroscope are usually
distorted and that one-dimensional information
gets lost due to image projection. To use these
images as VOs therefore requires the calibration
of the fluoroscope which aims to compute the im-
age projection model and to compensate for the
image distortion [9–11]. The resultant systems
are therefore known as “fluoroscopy-based nav-
igation systems” in literature [9–11]. Additional
feature offered by a fluoroscopy-based navigation
system is that multiple images acquired from
different positions are co-registered to a com-

mon coordinate system established on the target
structure via the DRB technique. Such a system
can thus provide visual feedback just like the use
of multiple fluoroscopes placed at different posi-
tions in constant mode but without the associated
radiation exposure, which is a clear advantage
(see Fig. 1.2 for an example). This technique
is therefore also known as “virtual fluoroscopy”
[11]. Despite the fact that in such a system, only
two-dimensional (2-D) projected images with
low contrast are available, the advantages offered
by a fluoroscopy-based navigation system pre-
ponderate for a number of clinical applications
in orthopaedics and traumatology.

In order to address the 2-D projection limi-
tation of a fluoroscopy-based navigation system,
a new imaging device was introduced [12] that
enables the intra-operative generation of 3-D flu-
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Fig. 1.3 Navigation using surgeon-defined anatomy ap-
proach. This virtual model of a patient’s knee is gen-
erated intra-operatively by digitizing relevant structures.

Although a very abstract representation, it provides suf-
ficient information to enable navigated high tibial os-
teotomy

oroscopic image data. It consists of a motor-
ized, isocentric C-arm that acquires series of 50–
100 2-D projections and reconstructs from them
13 × 13 × 13 cm3 volumetric datasets which
are comparable to CT scans. Being initially advo-
cated primarily for surgery at the extremities, this
“fluoro-CT” has been adopted for usage with a
navigation system and has been applied to several
anatomical areas already [13, 14]. As a major
advantage, the device combines the availability
of 3-D imaging with the intra-operative data ac-
quisition. “Fluoro-CT” technology is under con-
tinuous development involving smaller and non-
isocentric C-arms, “closed” C-arm, i.e. O-armTM

design [15, 16], faster acquisition speeds, larger
field of view, and also flat panel technology.

A last category of navigation systems func-
tions without any radiological images as VOs. In-
stead, the tracking capabilities of the system are

used to acquire a graphical representation of the
patient’s anatomy by intra-operative digitization.
By sliding the tip of a tracked instrument on the
surface of a surgical object, the spatial location of
points on the surface can be recorded. Surfaces
can then be generated from the recorded sparse
point clouds and used as the virtual representa-
tion of the surgical object. Because this model is
generated by the operator, the technique is there-
fore known as “surgeon-defined anatomy” (SDA)
(Fig. 1.3). It is particularly useful when soft
tissue structures such as ligaments or cartilage
boundaries are to be considered that are difficult
to identify on CTs or fluoroscopic images [17].
Moreover, with SDA-based systems, some land-
marks can be acquired even without the direct
access to the anatomy. For instance, the centre of
the femoral head, which is an important landmark
during total hip and knee replacement, can be
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Fig. 1.4 An example of bone morphing. Screenshots
of different stages of an intra-operative bone morphing
process. (a) Point acquisition; (b) calculation of morphed

model; and (c) verification of final result. (Courtesy of
Brainlab AG, Munich, Germany)

calculated from a recorded passive rotation of
the leg about the acetabulum. It should be noted
that the generated representations are often rather
abstract and not easy to interpret as exemplified
in Fig. 1.3. This has motivated the development
of the so-called “bone morphing” techniques [18,
19], which aim to derive a patient-specific model
from a generic statistical forms of the target
anatomical structure and a set of sparse points
that are acquired with the SDA technique [20].
As the result, a realistic virtual model of the
target structure can be presented and used as a
VO without any conventional image acquisition
(Fig. 1.4).

1.2.2 Registration

Position data that is used intra-operatively to dis-
play the current tool location (navigation system)
or to perform automated actions according to a
pre-operative plan (robot) are expressed in the
local coordinate system of the VO. In general,
this coordinate system differs from the one in
which the navigator operates intra-operatively. In
order to bridge this gap, the mathematical rela-
tionships between both coordinate spaces need
to be determined. When pre-operative images
are used as VOs, this step is performed interac-
tively by the surgeon during the registration, also
known as matching. A wide variety of different
approaches have been developed and realized
following numerous methodologies [21].

Early CAOS systems implemented paired-
point matching and surface matching [22]. The
operational procedure for paired-point matching
is simple. Pairs of distinct points are defined pre-
operatively in the VO and intra-operatively in the
TO. The points on the VO are usually identified
pre-operatively using the computer mouse, while
the corresponding points on the TO are usually
done intra-operatively with a tracked probe.
In the case of a navigation system, the probe
is tracked by the navigator, and for a robotic
surgery, it is mounted onto the robot’s actuator
[23]. Although paired-point matching is easy to
solve mathematically, the accuracy of the resul-
tant registration is low. This is due to the fact that
the accuracy of paired-point matching depends
on an optimal selection of the registration points
and the exact identification of the associated
pairs which is error prone. One obvious solution
to this problem is to implant artificial objects to
create easily and exactly identifiable fiducials
for an accurate paired-point matching [23].
However, the requirement of implanting these
objects before the intervention causes extra
operation as well as associated discomfort and
infection risk for the patient [24]. Consequently,
none of these methods have gained wide clinical
acceptance. The other alternative that has been
widely adopted in early CAOS systems is to
complement the paired-point matching with
surface matching [25, 26], which does not require
implanting any artificial object and only uses the
surfaces of the VO as a basis for registration.
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Other methods to compute the registration
transformation without the need for extensive
pre-operative preparation utilize intra-operative
imaging such as calibrated fluoroscopic images
or calibrated ultrasound images. As described
above, a limited number of fluoroscopic images
(e.g. two) acquired at different positions are cali-
brated and co-registered to a common coordinate
system established on the target structure. A so-
called “2-D-3-D registration” procedure can then
be used to find the geometrical transformation
between the common coordinate system and a
pre-operatively acquired 3-D CT dataset by max-
imizing a similarity measurement between the 2-
D projective representations and the associated
digitally reconstructed radiographs (DRRs) that
are created by simulating X-ray projections (see
Fig. 1.5 for an example). Intensity-based as well
as feature-based approaches have been proposed
before. For a comprehensive review of differ-
ent 2-D-3-D registration techniques, we refer to
[21].

Another alternative is the employment of
intra-operative ultrasonography. If an ultrasound
probe is tracked by a navigator and its
measurements are calibrated, it may serve as a
spatial digitizer with which points or landmarks
on the surfaces of certain subcutaneous bony
structures may be acquired. This is different
from the touch-based digitization done with

a conventional probe which usually requires
an invasive exposure of the surfaces of the
target structures. Two different tracked mode
ultrasound probes are available. A (amplitude)-
mode ultrasound probes can measure the
depth along the acoustic axis of the device.
Placed on the patient’s skin, they can measure
percutaneously the distance to tissue borders,
and the resulting point coordinates can be
used as inputs to any feature-based registration
algorithm. The applicability of this technique has
been demonstrated previously but with certain
limitations which prevent its wide usage [27, 28].
More specifically, the accuracy of the A-mode
ultrasound probe-based digitization depends on
how well the probe can be placed perpendicularly
to the surfaces of the target bony structures,
which is not an easy task when the subcutaneous
soft tissues are thick. Moreover, the velocity of
sound during the probe calibration is usually
different from the velocity of sound when the
probe is used for digitization as the latter depends
on the properties of the traversed tissues. Such
a velocity difference will lead to unpredictable
inaccuracies when the probe is used to digitize
deeply located structures. As a consequence,
the successful application of this technique
remains limited to a narrow field of application.
In contrast to an A-mode probe, a B (brightness)-
mode ultrasound probe scans a fan-shaped area.

Fig. 1.5 An example of CT-fluoro matching. Screenshots
of different stages of a CT-fluoro matching process. (a)
Preregistration for CT-fluoro matching and (b) results of

CT-fluoro matching. (Courtesy of Brainlab AG, Munich,
Germany)
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It is therefore able to detect also surfaces that
are examined from an oblique direction, though
the errors caused by the velocity difference
still persist. In order to extract the relevant
information for the registration of pre-operative
CT scans, the resulting, usually noisy images
need to be processed [29]. As for the intra-
operative processing of fluoroscopic images, the
use of B-mode ultrasound for registration is not
reliable in every case and consequently remains
the subject of CAOS research [30, 31].

It is worth to point out that if the VO is
generated intra-operatively, registration is an in-
herent process [21]. This is due to the fact that
since the imaging device is tracked during data
acquisition, the position of any acquired image
is recorded with respect to the local coordinate
system established on the TO. The recorded de-
vice position, together with the additional image
calibration process, automatically establishes the
spatial relationship between the VO and the TO
during image acquisition, which is a clear advan-
tage over the interactive registration in the case of
pre-operative images serving as VOs. Therefore,
registration is not an issue when using intra-
operative CT, 2-D, 3-D fluoroscopy or O-arm, or
the SDA concept.

Radermacher et al. [32] introduced an al-
ternative way to match pre-operative planning
with the intra-operative situation using individual
templates. The principle of individualized tem-
plates is to create customized templates based
on patient-specific 3-D bone models that are
normally segmented from pre-operative 3-D data
such as CT or MRI scan. One feature about the
individual templates is that small reference areas
of the bone structures are integrated into the
templates as the contact faces. By this means, the
planned position and orientation of the template
in spatial relation to the bone are stored in a struc-
tural way and can be reproduced intra-operatively
by adjusting the contact faces of the templates
until an exact fit to the bone is achieved. By
integrating holes and/or slots, individualized tem-
plates function as tool guides, e.g. for the prepa-
ration of pedicle screw holes [32] or as cut-
ting jigs used in total knee and hip replacement
surgery [33–35].

1.2.3 Navigator

Registration closes the gap between VO and TO.
The navigator enables this connection by provid-
ing a global coordinate space. In addition, it links
the surgical end effectors, with which a procedure
is carried out, to the TO that they act upon. From
a theoretical standpoint, it is the only element in
which surgical navigation systems and surgical
robotic systems differ.

1.2.3.1 Robots
For this type of CAOS technology, the robot
itself is the navigator. Intra-operatively, it has to
be registered to the VO in order to realize the
plan that is defined in the pre-operative image
dataset. The end effectors of a robot are usually
designed to carry out specific tasks as part of the
therapeutic treatment. Depending on how the end
effectors of a robot act on the patient, two differ-
ent types of robots can be found in literature. The
so-called active robots conduct a specific task
autonomously without additional support by the
surgeon. Such a system has been applied for total
joint replacement [5], but their clinical benefit has
been strongly questioned [36]. For traumatology
applications, the use of active robots has only
been explored in the laboratory setting [37, 38].
One possible explanation is that the nature of
fracture treatment is an individualized process
that does not include many steps that an active
robot can repetitively carry out.

In contrast to active robotic devices, passive or
semi-active robots do not carry out a part of the
intervention autonomously but rather guide or as-
sist the surgeon in positioning the surgical tools.
At present there are two representatives of this
class, both for bone resection during total knee
arthroplasty (TKA). The Navio system (Blue Belt
Technologies Inc. Pittsburgh, PA, USA) [39] is
a hand-held semi-active robotic technology for
bone shaping that allows a surgeon to move freely
in order to resect the bone as long as this motion
stays within a pre-operatively defined safety vol-
ume. The Mako system [40] is a passive robotic
arm system providing oriental and tactile guid-
ance. Both the Navio and the Mako systems re-
quire additional tracking technology as described
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in the next sub-section. During the surgical pro-
cedure, the system is under the direct surgeon
control and gives real-time tactile feedback to the
surgeon. Other semi-active robots such as Spine-
Assist (Mazor Robotics Ltd., Israel) can be seen
as intelligent gauges that place, for example, cut-
ting jigs or drilling guides automatically [41, 42].

1.2.3.2 Tracker
The navigator of a surgical navigation system is
a spatial position tracking device. It determines
the location and orientation of objects and pro-
vides these data as 3-D coordinates or 3-D rigid
transformations. Although a number of track-
ing methods based on various physical media,
e.g. acoustic, magnetic, optical, and mechanical
methods, have been used in the early surgical
navigation systems, most of today’s products rely
upon optical tracking of objects using operating
room (OR) compatible infrared light that is either
actively emitted or passively reflected from the
tracked objects. To track surgical end effectors
with this technology then requires the tools to be
adapted with reference bases holding either light-
emitting diodes (LED, active) or light-reflecting
spheres or plates (passive). Tracking patterns
with known geometry by means of video images
has been suggested [43, 44] as an inexpensive
alternative to an infrared-light optical tracker.

Optical tracking of surgical end effectors re-
quires a direct line of sight between the tracker
and the observed objects. This can be a critical is-
sue in the OR setting. The use of electromagnetic
tracking systems has been proposed to overcome
this problem. This technology involves a homo-
geneous magnetic field generator that is usually
placed near to the surgical situs and the attach-
ment of receiver coils to each of the instruments
allowing measuring their position and orientation
within the magnetic field. This technique senses
positions even if objects such as the surgeon’s
hand are in between the emitter coil and the
tracked instrument. However, the homogeneity
of the magnetic field can be easily disturbed by
the presence of certain metallic objects caus-
ing measurement artefacts that may decrease the
achievable accuracyconsiderably [45, 46]. There-

fore, magnetic tracking has been employed only
in very few commercial navigation systems and
with limited success.

Recently inertial measurement unit (IMU)-
based navigation devices have attracted more
and more interests [47–51]. These devices at-
tempt to combine the accuracy of large-console
CAOS systems with the familiarity of conven-
tional alignment methods and have been suc-
cessfully applied to applications including TKA
[47, 48], pedicle screw placement [49], and pe-
riacetabular osteotomy (PAO) surgery [50, 51].
With such devices, the line-of-sight issues in
the optical surgical navigation systems can be
completely eliminated. Technical limitations of
such devices include (a) relatively lower accuracy
in comparison with optical tracking technique
and (b) difficulty in measuring translations.

1.2.4 Referencing

Intra-operatively, it is unavoidable that there will
be relative motions between the TO and the
navigator due to surgical actions. Such motions
need to be detected and compensated to secure
surgical precision. For this purpose, the operated
anatomy is linked to the navigator. For robotic
surgery this connection is established as a phys-
ical linkage. Large active robots, such as the
early machines used for total joint replacement,
come with a bone clamp that tightly grips the
treated structure or involve an additional multi-
link arm, while smaller active and semi-active
devices are mounted directly onto the bone. For
all other tracker types, bone motion is determined
by the attachment of a DRB to the TO [52],
which is designed to house infrared LEDs, re-
flecting markers, acoustic sensors, or electromag-
netic coils, depending on the employed tracking
technology. Figure 1.6 shows an example of a
DRB for an active optical tracking system that
is attached to the spinous process of a lumbar
vertebra. Since the DRB is used as an indicator
to inform the tracker precisely about movements
of the operated bone, a stable fixation throughout
the entire duration of the procedure is essential.
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Fig. 1.6 Dynamic reference base. A dynamic reference
base allows a navigation system to track the anatomical
structure that the surgeon is operating on. In the case of
spinal surgery, this DRB is usually attached to the proces-
sus spinosus with the help of a clamping mechanism. It
is essential that it remains rigidly affixed during the entire
usage of the navigation system on that vertebra

1.3 Clinical Fields
of Applications

Since the mid-1990s when first CAOS systems
were successfully utilized for the insertion of
pedicle screws at the lumbar and thoracic spine
and total hip replacement procedures [3, 4], a
large number of modules covering a wide range
of traumatological and orthopaedic applications
have been developed, validated in the laboratory
and in clinical trials. Some of them needed to
be abandoned, because the anticipated benefit
failed to be achieved or the technology proved
to be unreliable or too complex to be used intra-
operatively. Discussing all these applications
would go beyond the focus of this article. Thus,
here we focus on a review of the most important
applications with the most original technological
approaches.

While there was clearly one pioneering
example of robot-assisted orthopaedic surgery –
ROBODOC [5] – the first spinal navigation
systems were realized independently by several
research groups, almost in parallel [3, 4, 52–56].
These systems used pre-operative CT scans as
the VO, relied upon paired-point and surface
matching techniques for registration, and were
based on optical or electromagnetic trackers.
Their initial clinical success [57–59] boosted
the development of new CAOS systems and
modules. While some groups tried to use the
existing pedicle screw placement systems for
other clinical applications, others aimed to apply
the underlying technical principle to new clinical
challenges by developing highly specialized
navigation systems [60, 61]. With the advent of
alternative imaging methods for the generation
of VOs, the indication for the use of one or the
other method was evaluated more critically. For
instance, it became evident that lumbar pedicle
screw insertion in the standard degenerative case
could be carried out with fluoroscopy-based
navigation sufficiently accurate, thus avoiding
the need for a pre-operative CT.

A similar development took place for total
knee replacement. Initially, this procedure was
supported by active [36, 62] and semi-active or
passive [39, 40] robots, as well as navigation
systems using pre-operative CTs [63], but with a
few exceptions, the SDA approach [64] is today’s
method of choice.

Fluoroscopy-based navigation still seems to
have a large potential to explore new fields of
application. The technology has been mainly
used in spinal surgery [65]. Efforts to apply it
to total hip arthroplasty (THA) [66] and the
treatment of long-bone fractures [67] have been
commercially less successful. The intra-operative
3-D fluoroscopy or O-arm has been explored
intensively [13–16]. It is expected that with
the advent of the flat panel technology, the use
of fluoro-CT as a virtual object generator will
significantly grow [16].

Recently, computer-assisted surgery using in-
dividual templates has gained increasing atten-
tion. Initially developed for pedicle screw fixa-
tion [32], such a technique has been successfully
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Fig. 1.7 Patient-specific instrumentation for pelvic tu-
mour resection surgery. These images show the
application of patient-specific instrumentation for
pelvic tumour treatment. Implant and template
manufactured by Mobelife NV, Leuven, Belgium.

(a) A pre-operative X-ray radiograph, (b) the im-
plant; (c) the patient-specific guide; (d) a post-
operative X-ray radiograph. (Courtesy of Prof.
Dr. K Siebenrock, Inselspital, University of Bern,
Switzerland)

reintroduced to the market for total knee arthro-
plasty [33, 68, 69], hip resurfacing [34, 70], total
hip arthroplasty [35], and pelvic tumour resection
[71, 72] (see Fig. 1.7 for an example). It should
be noted that most of the individual templates
are produced using additive manufacturing tech-
niques, while most of the associated implants are
produced conventionally.

1.4 Future Perspectives

Despite its touted advantages, such as decreased
radiation exposure to the patient and the sur-
gical team for certain surgical procedures and
increased accuracy in most situations, surgical
navigation has yet to gain general acceptance
among orthopaedic surgeons. Although issues
related to training, technical difficulty, and learn-
ing curve are commonly presumed to be major
barriers to the acceptance of surgical navigation,

a recent study [73] suggested that surgeons did
not select them as major weaknesses. It has been
indicated that barriers to adoption of surgical
navigation are neither due to a difficult learning
curve nor to a lack of training opportunities.
The barriers to adoption of navigation are more
intrinsic to the technology itself, including intra-
operative glitches, unreliable accuracy, frustra-
tion with intra-operative registration, and line-
of-sight issues. These findings suggest that sig-
nificant improvements in the technology will be
required to improve the adoption rate of sur-
gical navigation. Addressing these issues from
the following perspectives may provide solutions
in the continuing effort to implement surgical
navigation in everyday clinical practice.

• 2-D or 3-D image stitching. Long-bone frac-
ture reduction and spinal deformity correc-
tion are two typical clinical applications that
frequently use the C-arm in its operation.
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Such a surgery usually involves corrective
manoeuvers to improve the sagittal or coronal
profile. However, intra-operative estimation of
the amount of correction is difficult, especially
in longer instrumentation. Mostly, anteropos-
terior (AP) and lateral fluoroscopic images are
used but have the disadvantage to depict only a
small portion of the target structure in a single
C-arm image due to the limited field of view
of a C-arm machine. As such, orthopaedic
surgeons nowadays are missing an effective
tool to image the entire anatomical structure
such as the spine or long bones during surgery
for assessing the extent of correction. Al-
though radiographs obtained either by using
a large field detector or by image stitching
can be used to image the entire structure, they
are usually not available for intra-operative
interventions. One alternative is to develop
methods to stitch multiple intra-operatively
acquired small fluoroscopic images to be able
to display the entire structure at once [74, 75].
Figure 1.8 shows an image stitching example
for spinal intervention. The same idea can be
extended to 3-D imaging to create a panoramic
cone beam computed tomography [76]. At this
moment, fast and easy-to-use 2-D or 3-D im-
age stitching systems are still under develop-
ment, and as the technology evolves, surgical
benefits and improved clinical outcomes are
expected.

• Image fusion. Fusion of multimodality pre-
operative image such as various MRI or CT
datasets with intra-operative images would
allow for visualization of critical structures
such as nerve roots or vascular structures
during surgical navigation. Different imaging
modalities provide complementary informa-
tion regarding both anatomy and physiology.
The evidence supporting this complementarity
has been gained over the last few years
with increased interest in the development
of platform hardware for multimodality
imaging. Because multimodality images by
definition contain information obtained using
different imaging methods, they introduce
new degrees of freedom, raising questions
beyond those related to exploiting each single
modality separately. Processing multimodality
images is then all about enabling modalities
to fully interact and inform each other. It
is important to choose an analytical model
that faithfully represents the link between
the modalities without imposing phantom
connections or suppressing existing ones.
Hence it is important to be as data driven
as possible. In practice, this means making
the fewest assumptions and using the simplest
model, both within and across modalities.
Example models include linear relationships
between underlying latent variables; use of
model-independent priors such as sparsity,

Fig. 1.8 Image stitching for spinal interventions. Several small field-of-view C-arm images are stitched into one big
image to depict the entire spine
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Fig. 1.9 An example of
statistical shape
model-based 2-D-3-D
reconstruction.
Reconstruction of bone
surface from two calibrated
fluoroscopic images and a
statistical shape model
using deformable
registration

non-negativity, statistical independence, low
rank, and smoothness; or both. Such a
principle has been successfully applied to
solving challenging problems in a variety
of applications [77]. Despite the evident
potential benefit, the knowledge of how to
actually exploit the additional diversity that
multimodality images offer is currently at
its preliminary stage and remains open for
exploration.

• Statistical shape and deformation analysis.
Statistical shape and deformation analysis
[78] has been shown to be useful for predicting
3-D anatomical shape and structures from
sparse point sets that are acquired with
the SDA technique. Such a technique is
heavily employed in so-called “image-free”
navigation systems that are commercially
available in the market, mainly for knee and
hip surgery. However, with the availability of
statistical shape models of other anatomical
regions, the technique could be applied to any
part of the skeleton. Such approaches bear
significant potential for future development
of computer navigation technology since
they are not at all bound to the classical
pointer-based acquisition of bony features.
In principle, the reconstruction algorithms can
be tuned to any type of patient-specific input,
e.g. intra-operatively acquired fluoroscopic
images [79] or tracked ultrasound [30],
thereby potentially enabling new minimally
invasive procedures. Figure 1.9 shows an

example of bone surface reconstruction
from calibrated fluoroscopic images and a
statistical shape model. Moreover, prediction
from statistical shape models is possible not
only for the geometric shape of an object.
Given statistical shape and intensity models,
“synthetic CT scans” could be predicted from
intra-operatively recorded data after a time-
consuming computation. With more and more
computations shifted from CPUs to graphics
processing units (GPUs), it is expected that
statistical shape and deformation analysis-
based techniques will be used in more and
more CAOS systems [80].

• Biomechanical modelling. Numerical models
of human anatomical structures may help
the surgeon during the planning, simulation,
and intra-operative phases with the final
goal to optimize the outcome of orthopaedic
surgical interventions. The terms “physical” or
“biomechanical” are often used. While most
of existing biomechanical models serve for the
basic understanding of physical phenomena,
only a few have been validated for the
general prediction of consequences of surgical
interventions.

The situation for patient-specific models
is even more complex. To be used in clinical
practice, ideally the exact knowledge of the
underlying geometrical tissue configuration
and associated mechanical properties as well
as the loading regime is required as input
for appropriate mathematical frameworks.
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In addition these models will not only be
used pre-operatively but need to function
also in near real time in the operating
theatre.

First attempts have been made to incor-
porate biomechanical simulation and mod-
elling into the surgical decision-making pro-
cess for orthopaedic interventions. For ex-
ample, a large spectrum of medical devices
exists for correcting deformities associated
with spinal disorders. Driscoll et al. [81] de-
veloped a detailed volumetric finite element
model of the spine to simulate surgical cor-
rection of spinal deformities and to assess,
compare, and optimize spinal devices. An-
other example was presented in [82] where
the authors showed that with biomechanical
modelling the instrumentation configuration
can be optimized based on clinical objectives.
Murphy et al. [83] presented the development
of a biomechanical guidance system (BGS)
for periacetabular osteotomy. The BGS aims
to provide not only real-time feedback of the
joint repositioning but also the simulated joint
contact pressures.

Another approach is the combined use
of intra-operative sensing devices with
simplified biomechanical models. Crottet
et al. [84] introduced a device that intra-
operatively measures knee joint forces and
moments and evaluated its performance and
surgical advantages on cadaveric specimens
using a knee joint loading apparatus. Large
variation among specimens reflected the
difficulty of ligament release and the need
for intra-operative force monitoring. A
commercial version of such a device (e-
LIBRA Dynamic Knee Balancing System,
Synvasive Technology, El Dorado Hills,
CA, USA) became available in recent years
and is clinically used (see, e.g. [85]). It is
expected that incorporation of patient-specific
biomechanical modelling into CAOS systems
with or without the use of intra-operative
sensing devices may eventually increase the
quality of surgical outcomes [86]. Research
activities must focus on existing technology

limitations and models of the musculoskeletal
apparatus that are not only anatomically but
also functionally correct and accurate.

• Musculoskeletal imaging. Musculoskeletal
imaging is defined as the imaging of bones,
joints, and connected soft tissues with an
extensive array of modalities such as X-
ray radiography, CT, ultrasonography, and
MRI. For the past two decades, rapid but
cumulative advances can be observed in
this field, not only for improving diagnostic
capabilities with the recent advancement on
low-dose X-ray imaging, cartilage imaging,
diffusion tensor imaging, MR arthrography,
and high-resolution ultrasound but also for
enabling image-guided interventions with
the introduction of real-time MRI or CT
fluoroscopy, molecular imaging with PET/CT,
and optical imaging into operating room [87].

One recent advancement that has found
a lot of clinical applications is the EOS 2-
D/3-D image system (EOS imaging, Paris,
France), which was introduced to the mar-
ket in 2007. The EOS 2-D/3-D imaging sys-
tem [88] is based on the Nobel Prize-winning
work of French physicist Georges Charpak
on multiwire proportional chamber, which is
placed between the X-rays emerging from the
radiographed object and the distal detectors.
Each of the emerging X-rays generates a sec-
ondary flow of photons within the chamber,
which in turn stimulate the distal detectors that
give rise to the digital image. This electronic
avalanche effect explains why a low dose of
primary X-ray beam is sufficient to generate
a high-quality 2-D digital radiograph, making
it possible to cover a field of view of 175 cm
by 45 cm in a single acquisition of about
20s duration [89]. With an orthogonally co-
linked, vertically movable, slot-scanning X-
ray tube/detector pairs, EOS has the benefit
that it can take a pair of calibrated posteroan-
terior (PA) and lateral (LAT) images simul-
taneously [90]. EOS allows the acquisition
of images while the patient is in an upright,
weight-bearing (standing, seated, or squatting)
position and can image the full length of the
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body, removing the need for digital stitch-
ing/manual joining of multiple images [91].
The quality and nature of the image gener-
ated by EOS system are comparable or even
better than computed radiography (CR) and
digital radiography (DR) but with much lower
radiation dosage [90]. It was reported by Illés
et al. [90] that absorbed radiation dose by
various organs during a full-body EOS 2-D/3-
D examination required to perform a surface
3-D reconstruction was 800–1000 times less
than the amount of radiation during a typical
CT scan required for a volumetric 3-D recon-
struction. When compared with conventional
or digitalized radiographs [92], EOS system
allows a reduction of the X-ray dose of an
order 80–90%. The unique feature of simul-
taneously capturing a pair of calibrated PA
and LAT images of the patient allows a full
3-D reconstruction of the subject’s skeleton
[90, 93, 94]. This in turn provides over 100
clinical parameters for pre- and post-operative
surgical planning [90]. With a phantom study,
Glaser et al. [95] assessed the accuracy of EOS
3-D reconstruction by comparing it with 3-D
CT. They reported a mean shape reconstruc-
tion accuracy of 1.1±0.2 mm (maximum 4.7
mm) with 95% confidence interval of 1.7 mm.
They also found that there was no significant
difference in each of their analysed parameters
(p > 0.05) when the phantom was placed in
different orientations in the EOS machine.
The reconstruction of 3-D bone models allows
analysis of subject-specific morphology in a
weight-bearing situation for different applica-
tions to a level of accuracy which was not
previously possible. For example, Lazennec
et al. [96] used the EOS system to measure
pelvis and acetabular component orientations
in sitting and standing positions. Further ap-
plications of EOS system in planning total
hip arthroplasty include accurate evaluation of
femoral offset [97] and rotational alignment
[98]. The low dose and biplanar information
of the EOS 2-D/3-D imaging system introduce
key benefits in contemporary radiologyand

open numerous and important perspectives in
CAOS research.

Another novel technology on 2-D/3-
D imaging was introduced in [99], which
had the advantage of being integrated with
any conventional X-ray machine. A mean
reconstruction parameter of 1.06±0.20 mm
was reported. This technology has been used
for conducting 3-D pre-operative planning
and post-operative treatment evaluation of
TKA based on only 2-D long leg standing
X-ray radiographs [100].

• Artificial intelligence, machine learning, and
deep learning. Recently artificial intelligence
and machine learning-based methods have
gained increasing interest in many different
fields including musculoskeletal imaging and
surgical navigation. Most of these methods are
based on ensemble learning principles that can
aggregate predictions of multiple classifiers
and demonstrate superior performance in
various challenging problems [77, 101, 102].
A crucial step in the design of such systems
is the extraction of discriminant features
from the images [103]. In contrast, many
deep learning algorithms that have been
proposed recently, which are based on models
(networks) composed of many layers that
transform input data (e.g. images) to outputs
(e.g. segmentation), let computers learn the
features that optimally represent the data for
the problem at hand. The most successful
type of models for image analysis to date are
convolutional neural networks (CNN) [104],
which contain many layers that transform their
input with convolution filters of a small extent.
Deep learning-based methods have been
successfully used to solve many challenging
problems in computer-aided orthopaedic
surgery [105–108]. Figure 1.10 shows an
example of the application of cascaded fully
convolutional networks (FCN) for automatic
segmentation of lumbar vertebrae from CT
images [108]. It is expected that more and
more solutions will be developed based on
different types of deep learning techniques.
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Fig. 1.10 A schematic view of using cascaded fully convolutional networks (FCN), which consists of a localization
net and a segmentation net for automatic segmentation of lumbar vertebrae from CT images

1.5 Conclusions

More than two decades have passed since the
first robot and navigation systems for CAOS were
introduced. Today this technology has emerged
from the laboratory and is being routinely used
in the operating theatre and might be about to
become state of the art for certain orthopaedic
procedures.

Still we are at the beginning of a rapid process
of evolution. Existing techniques are being sys-
tematically optimized, and new techniques will
constantly be integrated into existing systems.
Hybrid CAOS systems are under development,
which will allow the surgeon to use any combina-
tions of the above-described concepts to establish
virtual object information. New generations of
mobile imaging systems, inherently registered,
will soon be available. However research fo-
cus should particularly be on alternative tracking
technologies, which remove drawbacks of the
currently available optical tracking and magnetic
devices. This in turn will stimulate the devel-
opment of less or even non-invasive registration
methods and referencing tools. Force-sensing de-
vices and real-time computational models may
allow establishing a new generation of CAOS
systems by going beyond pure kinematic control
of the surgical actions. For keyhole procedures
there is distinct need for smart end effectors to
complement the surgeon in its ability to perform
a surgical action. The recent advancement on
smart instrumentation, medical robotics, artificial
intelligence, machine learning, and deep learning
techniques, in combination with big data ana-
lytics, may lead to smart CAOS systems and
intelligent orthopaedics in the near future.
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2Computer-Aided Orthopedic Surgery:
Incremental Shift or Paradigm
Change?

Leo Joskowicz and Eric J. Hazan

Abstract

Computer-aided orthopedic surgery (CAOS)
is now about 25 years old. Unlike neuro-
surgery, computer-aided surgery has not
become the standard of care in orthopedic
surgery. In this paper, we provide the technical
and clinical context raised by this observation
in an attempt to elucidate the reasons for
this state of affairs. We start with a brief
outline of the history of CAOS, review the
main CAOS technologies, and describe how
they are evaluated. We then identify some
of the current publications in the field and
present the opposing views on their clinical
impact and their acceptance by the orthopedic
community worldwide. We focus on total
knee replacement surgery as a case study and
present current clinical results and contrasting
opinions on CAOS technologies. We then
discuss the challenges and opportunities
for research in medical image analysis in
CAOS and in musculoskeletal radiology. We
conclude with a suggestion that while CAOS
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acceptance may be more moderate than that of
other fields in surgery, it still has a place in the
arsenal of useful tools available to orthopedic
surgeons.

Keywords

Computer-aided orthopedic surgery ·
Image-guided surgery · Medical robotics

2.1 Introduction

Computer-based technologies, including both
software and hardware, are playing an increas-
ingly larger and more important role in defining
how surgery is performed today. Orthopedic
surgery was, together with neurosurgery,
the first clinical specialty for which image-
guided navigation and robotic systems were
developed. Computer-aided orthopedic surgery
(CAOS) is now about 25 years old. During this
time, a wide variety of novel and ingenious
systems have been proposed, prototyped, and
commercialized for most of the main orthopedic
surgery procedures, including knee and hip
joint replacement, cruciate ligament surgery,
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spine surgery, corrective osteotomy, bone tumor
surgery, and trauma surgery, among others.

While CAOS technologies are nowadays
visible and known to many orthopedic surgeons
worldwide, their adoption has been relatively
slow, especially when compared to other
technologies such as robotic minimally invasive
surgery (daVinci Surgical System, Intuitive
Surgical). This raises a number of questions,
e.g., What are the known clinical benefits of
CAOS technologies? Why has CAOS been a
progressive technology and not a disruptive one?
Has CAOS led to a paradigm change in some of
the orthopedic surgery procedures? What is the
future of CAOS? What role has medical image
analysis played in CAOS and what is its future?

In this paper, we present a personal perspec-
tive on the key aspects of CAOS in an attempt
to answer these questions. We start with a brief
history of CAOS from its beginnings, emergence,
expansion, and steady progress phases. We then
outline the main CAOS technologies and de-
scribe how they are evaluated. Next, we summa-
rize the current views on their clinical impact and
their acceptance by the orthopedic community
worldwide. We focus on total knee replacement
surgery as a case study and present the clini-
cal results and contrasting opinions on CAOS
technologies. We then discuss the challenges and
opportunities for research in medical image anal-
ysis in CAOS and in musculoskeletal radiology
and conclude with an observation: while CAOS
acceptance may be more moderate than that of
other fields in surgery, it still has a place in the
arsenal of useful tools available to orthopedic
surgeons.

2.2 A Brief History of CAOS

CAOS started over 25 years ago, with the intro-
duction of four key technologies: 3D bone sur-
face modeling from CT scans, surgical robotics,
real-time surgical navigation, and, later, patient-
specific templates. The main CAOS concepts and
technical elements emerged in the mid- to late
1990s; the first clinical results started to appear

in the clinical literature in the late 1990s. The
International Society for Computer Assisted Or-
thopaedic Surgery was established in 2000 and
has held yearly meetings since. The early and
mid-2000s witnessed a rise in the introduction
of commercial systems and the publication of
small- and medium-sized clinical studies. The
late 2000s to date featured a slow consolidation
period, with larger and more specific comparative
clinical studies, multicenter studies, and meta-
studies. It also featured mature image process-
ing and surgical planning software, image-based
navigation systems, robotic systems, and routine
patient-specific guide design and related produc-
tion services.

Bone modeling from CT scans stemmed from
3D segmentation and surface mesh construction
methods such as the Marching Cubes algorithm
introduced by Lorensen and Cline [1] in the
late 1980s. A variety of segmentation methods
and mesh smoothing and simplification meth-
ods were developed in the early 1990s. These
patient-specific anatomical models are essential
for preoperative planning, intraoperative registra-
tion, visualization, navigation, and postoperative
evaluation.

The first robotic system in orthopedics was
ROBODOC, a customized industrial active robot
designed for total hip replacement (THR) to op-
timize the bone/implant interphase by machining
the implant cavity [2]. ROBODOC development
started in the late 1980s at the IBM T.J. Wat-
son Research Center and at the University of
California at Davis; it was first used for human
surgery in 1992 and became a commercial prod-
uct in 1995 (developed by Integrated Surgical
Systems and owned since 2008 by Curexo Tech-
nology Corp.). The system includes a preoper-
ative planning module that allows surgeons to
select the size and position of the acetabular cup
and femoral stem based on automatically built 3D
surface models of the pelvis and hip joint bone
from a preoperative CT scan. Based on this plan,
it automatically generates a specific machining
plan for the femoral stem cavity, which is then
executed during surgery after pin-based contact
registration between the patient and the plan. The
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system was later extended to total knee replace-
ment (TKR) surgery to perform the femoral and
tibial cuts; the first human surgery was performed
in the year 2000. To date, over 28,000 RO-
BODOC surgeries have been performed world-
wide. Other robotic systems, such as Acrobot
for TKR and Ortho Marquet for THR, were also
developed in the late 1990s.

Computer-aided navigation concepts for vari-
ous orthopedic procedures were developed in the
early 1990s. The first CAOS navigation systems
for pedicle screw insertion in spine surgery were
presented in Lavallee et al. [3] and Nolte et al.
[4]. They were based, as many others that fol-
lowed, on accurate off-the-shelf real-time opti-
cal tracking technology (Northern Digital Inc.,
NDI). Preoperative planning and intraoperative
visualization are based on 3D surface models of
the vertebrae obtained from a CT scan. These
systems were shown to greatly improve the ac-
curacy and safety of pedicle screw insertion,
particularly in deformed vertebrae and spine sco-
liosis. Fluoroscopy-based and imageless naviga-
tion systems were later developed for total hip
and total knee replacement, for bone fracture
surgery (FRACAS, [5]), and for anterior cruci-
ate ligament (ACL) reconstruction. Commercial
systems for these procedures were launched in
the early 2000s by companies such as Medtronic,
BrainLab, Stryker, Aesculap, and Praxim.

Individual templates, also called patient-
specific jigs, were introduced in the late 1990s
by Radermacher et al. [6]. The idea is to create
a disposable custom-made cutting and/or drilling
jig that is then stably and uniquely mounted on
the patient bone anatomy to guide the surgeon’s
surgical actions. The advantages of individual
templates are that they uniquely fit the patient,
that they do not require adjustment, and that they
are closest to the conventional surgical approach.
Initially, the custom jigs were manufactured by
computer numerical control (CNC) machining.
The first human intervention was performed in
1993 for periacetabular repositioning osteotomy
and in 1997 for TKR. Their clinical adoption
was relatively slow until the late 2000s. With the

popularization of 3D additive printing and related
cloud-based design and manufacturing systems,
their use has considerably expanded.

From 2000 to 2008, CAOS witnessed rapid
technology transfer and the introduction of new
commercial systems by both established and
new companies. This trend included about a
dozen navigation systems for hip, knee, and spine
surgery and the advent of several robotic systems
such as patient-mounted miniature system
for pedicle screw insertion in spine surgery
(Mazor Robotics) [7] and unicompartmental knee
arthroplasty (UKA) (Mako Surgical Corporation,
Fig. 2.1). Also, larger and midterm clinical
studies appeared for navigated TKR, THR, and
spine surgery.

The 2008–2014 period was a relatively slow
consolidation period. CAOS technologies did not
achieve the expected across-the-board clinical
acceptance and associated market penetration.
Specific adoption rates varied by procedure
and by country: CAOS navigation technologies
were found to have better acceptance in
France, Europe, and certain Asian countries,
while robotic UKA fared much better in
the USA. An interesting development was
the introduction of smart tools such as the
Hip Sextant (HipXpert, Surgical Associates
Ltd.) and the Navio handheld drill for knee
surgery (Blue Belt Technologies). In parallel,
a series of critical meta-studies showed that
while the radiological outcomes of CAOS
surgeries were superior to those of conventional
surgery, there was no proven clinical/functional
benefit to the use of CAOS, in particular
for TKR.

Since 2014, CAOS technologies appear to be
progressing steadily, with a ramp-up in their clin-
ical use and acceptance for specific procedures
and locations worldwide. A major event was
the acquisition of Mako Surgical Corporation
by Stryker, a large and established medical de-
vice and medical equipment manufacturer. While
CAOS did not cause the disruption and revolution
some expected it to be, it is carving its own space
in the orthopedic surgeon portfolio.
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Fig. 2.1 Illustration of the
intraoperative setting for a
unicompartmental knee
replacement robotic
surgery: (a) view from
behind the surgeon (center)
showing him machining
the condyle with support
from the semi-active robot
arm based on the screen
plan; (b) computer screen
showing the bone upper
tibial bone model (white),
the contour of the condylar
implant cavity to be
machined (red), and the
machining progress
(green); (c) surgeons
evaluating the
intraoperative situation
(part of the optical tracker
can be seen on the upper
left corner); (d) view of the
surgeon hand holding the
optically tracked drill
(Photos courtesy of Dr.
Andrew Pearle, Hospital
for Special Surgery, New
York, USA, while
performing a surgery with
the Mako
robotic-arm-assisted
surgery, Stryker)



2 Computer-Aided Orthopedic Surgery: Incremental Shift or Paradigm Change? 25

Fig. 2.1 (continued)
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2.3 CAOS Technologies

CAOS relies on a number of mature technologies.
These include a variety of imaging modalities
(X-ray, MRI, CT, US, video), real-time track-
ing (optical, electromagnetic, mechanical), 3D
additive printing, and various robotics technolo-
gies, including smart instruments. From the med-
ical image analysis perspective, the key tech-
nologies include bone segmentation in X-ray
and CT images and rigid 2D/3D and 3D/3D
registration.

CAOS is about integration, so most com-
mercial systems combine mature technologies
with new ones. Existing CAOS systems can
be broadly categorized into either image-
guided (CT-based, X-ray fluoroscopy-based,
and imageless) navigation systems, positioning
systems (patient-specific jigs, bone- and table-
mounted self-positioning robots), assistive (semi-
active) robotic systems, or active robotic systems.
Nearly all include a preoperative planning
system, which constitutes an orthopedic CAD
station. Careful attention is paid to two key
aspects: the surgical workflow and the surgeon
ergonomy. For a detailed description of the
principles of CAOS technologies and clinical
applications, see Liebergall et al. [8] and Zheng
and Li [9].

2.4 Evaluation of CAOS
Technologies

The clinical and technical evaluation of CAOS
technologies is essential to establish indications
and counter-indications of the technologies, to
establish risk and cost/benefit assessments, to ob-
jectively compare between commercial systems,
and to evaluate emerging technologies.

Clinical evaluation consists of radiological
and functional studies based on preoperative and
short-, mid-, and long-term postoperative data.
Radiological studies are mostly X-ray based –
they report common quantitative measures
such as leg length, abduction angles, implant
alignment, and implant wear. Functional studies

report standardized orthopedics measures, such
as Hip and Knee Society scores. The studies
evaluate the outcome of an approach and/or
technology on a cohort of patients or can be
comparative, usually conventional surgery vs.
CAOS. Some studies target specific populations
and/or conditions, e.g., young patients, obese
patients, and patients with severe deformities
and/or revision surgery. Comprehensive meta-
studies for THR [10], TKR [11], and spine
surgery [12] have been recently published.

Technical evaluations analyze the character-
istics of the CAOS system, such as precision,
accuracy, repeatability, and related issues. The
technical evaluation measures are provided with
respect to one or more clinical targets, e.g., an-
gle, leg-length discrepancy, and include in vitro
and cadaver studies. In 2010, a standard for
assessing the accuracy performance of surgical
assistance technologies, jointly developed by the
International Society for Computer Assisted Or-
thopaedic Surgery and the American Society for
Testing of Materials, was introduced [13]. How-
ever, it is not relevant for directly measuring
the accuracy of an actual surgical gesture, so its
actual impact on surgical procedures is difficult
to evaluate.

CAOS technologies have obviated the need
to revise and extend existing clinical and tech-
nical evaluation procedures. Currently, there is
no consensus on how to evaluate the accuracy of
surgical procedures [14]. The three basic ques-
tions are: (1) How is accuracy defined? (2) How
can accuracy be measured experimentally? and
(3) How should accuracy be analyzed from a
clinical perspective? Clearly, surgical accuracy
is multifactorial – the lack of a standardized
evaluation protocol affects the ability to com-
pare clinical results from different hospitals us-
ing different surgical protocols, tools, and tech-
nologies. Moreover, the definition of a patient-
specific surgical accuracy target – e.g., axis align-
ment, varus/valgus angles – has an intrinsic un-
certainty that also needs to be quantified. Im-
proving the accuracy of a surgical procedure
whose main technical target measure has a large
uncertainty is unlikely to yield a clinical benefit
and/or be cost-effective.
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The lack of agreed-upon standards also affects
how clinical studies are conducted. For exam-
ple, many studies compare the performance of
conventional vs. CAOS technology. Some studies
report that CAOS technologies help, while oth-
ers report no benefit. However, without a clear
understanding of what the target value and its
uncertainty are, the interpretation may be partial
and inconclusive. For example, common miscon-
ceptions fail to distinguish between measurement
error and measurement uncertainty and between
accuracy and precision. Another misconception
is that improved accuracy yields improved out-
comes. Moreover, the accuracy and precision of
the execution of a surgical procedure (or part of
it) can easily be overshadowed by other factors
such as patient demographics and comorbidities,
pre- and postoperative care protocols, individual
adherence to these protocols, and variations in
the surgical technique. Indeed, this is most likely
the reason that many computer-aided techniques
have not been able to show clinical benefit as
measured by validated patient-assessed outcome
measures.

An important task for the CAOS community is
to improve and extend clinical and technical stan-
dards to allow objective quantitative comparison.

2.5 Clinical Impact
and Acceptance

The clinical impact and acceptance of CAOS sys-
tems have been slow when compared to other sur-
gical technologies. Considering that orthopedic
surgery is one of the specialties with the largest
patient volumes worldwide, it is, on average,
infrequently used. While a few centers report a
use of CAOS technologies for nearly all their
joint and spine procedures, CAOS technologies
are not used broadly, even in developed countries.
A conservative estimate places CAOS surgeries
to less than 5% of all orthopedic surgeries in
the USA, Europe, and Asia. There are several
reasons for this state of affairs, which we will
examine next.

CAOS technology is currently mostly used
for primary TKR and THR surgery. Next come

anterior cruciate ligament (ACL) reconstruction,
spine surgery (pedicle screw insertion), UKA,
osteotomies (high tibial and hip), and trauma
surgery (long bones and pelvic fractures). Emerg-
ing procedures include hip resurfacing, bone tu-
mor resection, reverse shoulder arthroplasty, and
elbow, hand, and ankle surgery.

It is recognized that the main technical advan-
tages of CAOS technologies over conventional
surgery include improved implant positioning
accuracy and the homogenization of positioning
results (smaller variation and fewer outliers) as
compared to conventional techniques. The ben-
efits are greater for difficult cases and for revi-
sions. It is commonly inferred that greater accu-
racy translates in lower rates of implant failure
and therefore into better long-term outcomes.

To illustrate the clinical effects and acceptance
of CAOS technologies, consider next the case of
knee surgery. Computer-assisted TKR is today
the most successful and widespread application
of CAOS technology, with nearly 500,000 surg-
eries documented in various registries around
the world. CAOS assistance consists mostly of
support for the accurate positioning of the bone
cutting tools to shape the ends of the femur and
tibia to match the implant interface. It is mainly
performed with imageless navigation and patient-
specific templates. Soft tissue balancing tools and
software are also available and are important for
optimal joint stability and outcome.

While navigated TKR has become the stan-
dard of care in some centers in Germany, its
penetration in North America has been nearly
inexistent. For example, over 30% of surgeons
in Germany use TKR CAOS technology, while
in France 6% and in the UK less than 3% [15].
Some of the reasons are stated in a variety of
studies; they include good results and high satis-
faction of existing conventional procedures, addi-
tional operative time, extra cost, lack of insurance
coverage, poor ergonomics, surgeon age, lack
of quantitative results, and lack of evaluation
standards.

Indeed, there is an ongoing debate about the
benefits of CAOS in TKR. A recent study of
the Australian Orthopaedic Association National
Joint Replacement Registry (2003–2012, 44,573
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patients) that examines the effect of computer
navigation on the rate of revision of primary TKR
shows that computer navigation reduced both the
overall revision rate of TKR and specifically the
revision rate due to loosening/lysis, which is the
most common reason for revision. In patients less
than 65 years of age at 9 years from surgery,
the rate was reduced from 7.8% for conventional
TKR to 6.3% for navigated TKR.

The study by Picard et al. [15] reports that in
29 studies of CAOS versus conventional TKR,
3 main measures – mechanical axis misalign-
ment >3◦, frontal plane femoral component mis-
alignment, and tibial component misalignment –
occurred in 9.0% of CAOS vs. 31.8% of con-
ventional TKR patients. They note that while
navigation has indisputably demonstrated an im-
provement in alignment of TKR components, the
question concerning the tolerable limits of ac-
ceptable alignment that guarantees functionality
without compromising the function and longevity
of the prosthesis remains debatable.

Very recently, van der List et al. [11] con-
ducted a meta-analysis of 40 comparative studies
and 3 registries on computer navigation with a
total of 474,197 patients and 21 basic science
and clinical studies on robotic-assisted TKR.
Twenty-eight of these comparative computer
navigation studies reported Knee Society total
scores in 3504 patients. Stratifying by type of
surgical variables, no significant differences
were noted in outcomes between surgery
with computer-navigated TKR controlling for
alignment and component positioning versus
conventional TKR. However, significantly better
outcomes were noted following computer-
navigated TKR that also controlled for soft
tissue balancing versus conventional TKR.
The literature review on robotic systems
showed that these systems can, similarly to
computer navigation, reliably improve lower
leg alignment, component positioning, and
soft tissue balancing. Furthermore, two studies
comparing robotic-assisted with computer-
navigated surgery reported the superiority of
robotic-assisted surgery in controlling these

factors. They observe that even though most
clinical studies, meta-analysis, and systematic
reviews of TKR favor a higher accuracy and
consistency of optimal implant alignment and
soft tissue balancing with navigation or robotic
assistance over conventional surgery, no clear
improvement in functional outcome could be
demonstrated as of today. They recognize that
larger randomized control trials as well as a
longer follow-up are needed to elicit significant
differences in the future to justly evaluate these
technologies.

Overall, we observe that CAOS technologies
have neither become the standard of care of any
orthopedic procedure nor has it led to a paradigm
shift. This is in contrast with stereotactic neu-
rosurgery, in which navigation is the standard
of care, or various laparoscopic surgeries with a
robotic system. Unlike neurosurgery, most ortho-
pedic procedures are not life-threatening, have a
larger margin of tolerance for inaccuracies, and
require longer evaluation times to determine their
mid- to long-term benefits.

In terms of surgeon acceptance, CAOS is
facing challenges similar to those faced by la-
paroscopic surgery when it was introduced. Pi-
card et al. [15] point out that the main factors
limiting TKR navigation spreading among ortho-
pedic surgeons are most likely ergonomics and
economics. They conclude that the main reasons
for which there is opposition to CAOS technolo-
gies are based on inaccurate and/or misleading
observations and the lack of data to support
the cost-effectiveness of using navigation [16].
On the other hand, certain procedures, such as
UKA, are recently experiencing an upward trend
in the USA for younger patients with severe
wear of one knee compartment thanks to the
introduction of the Mako RIO system (Stryker) –
over 50,000 UKA surgeries have been reported
to date since its inception in 2010 (Fig. 2.1).
We believe that while CAOS TKR is not yet
mainstream, it will still prove to be a useful tool
for surgeons, especially for surgeons that do only
a few surgeries per year (“low volume surgeons”)
and for difficult and unusual cases.



2 Computer-Aided Orthopedic Surgery: Incremental Shift or Paradigm Change? 29

2.6 Medical Image Analysis
in Orthopedics and CAOS

Medical image analysis (MEDIA) research is at
the core of CAOS technologies and has made sig-
nificant contributions to orthopedics in general.
We expect this to be increasingly so in the future.

We identify next what are, in our opinion, the
challenges and opportunities of medical image
analysis research in CAOS and orthopedics at
large. These include musculoskeletal radiology
[9], surgical planning and execution and outcome
evaluation [17, 18], and surgical training and
surgeon skill evaluation.

Musculoskeletal radiology presents a vast
field of untapped opportunities. It covers a
wide spectrum of imaging modalities used in
orthopedics, mostly X-ray, CT, and MRI. The
opportunities include computerized support for
image interpretation and diagnosis of various
orthopedic conditions – dislocation, occult frac-
tures, spine instability, and various injuries – the
automatic detection of missed conditions, and the
identification of diagnostic misclassifications. It
also includes automatic and systematic incidental
finding discovery and early warning for clinical
conditions, e.g., osteoporosis and scoliosis.

In parallel, the continuous development
of new and improved imaging protocols and
devices, such as the EOS® full-body standing
low-dose X-ray orthopedic imaging system,
intraoperative X-ray fluoroscopy and cone-beam
CT scans (O-arm, Medtronic), and robotized
patient positioning and imaging system (Artis
zeego, Siemens), all includes image processing
and modeling capabilities. Additional image pro-
cessing opportunities include image stitching for
panoramas, statistical model creation, image fu-
sion, and multimodal registration, to name a few.

An emerging field with great potential is big
data radiology. The increasing amount medical
imaging scan acquired in clinical practice consti-
tutes a vast database of untapped diagnostically
relevant information. Radiologists and clinicians
are increasingly struggling under the burden of
diagnosis and follow-up of such an immense
amount of data. The vast amount of informa-

tion in this valuable, unstructured clinical data
represents an untapped gold mine to support a
wide variety of clinical tasks, such as the re-
trieval of patient cases with similar radiologi-
cal images, image-based retrospective incidental
findings, large-scale radiological population and
epidemiologic studies, and preventive medicine
by early radiological detection. In the context of
CAOS and musculoskeletal radiology, these tasks
include optimization of patient-specific surgery
planning, population-based postoperative radio-
logical assessment, and treatment and condition
assessment, e.g., osteoporosis assessment and
sacroiliac joint pain.

Finally, surgeon teaching, training, accredita-
tion, and evaluation is another developing area
in which the generation of patient-specific 3D
anatomical models plays a key role in the devel-
opment of simulators, case studies, and examina-
tion platforms.

2.7 Closing Remarks

In conclusion, we believe that there has never
been a better time for the development of CAOS
technologies and for related medical image
analysis research. According to BCC Research
[19], the global market for medical robotics
and computer-assisted surgical (MRCAS)
technologies is expected to grow to $4.6 billion
by 2019, with a 5-year compound annual growth
rate of 7%. Factors such as steadily aging global
population and increasing demand for minimally
invasive surgical procedures such as heart and
orthopedic surgery are spurring significant
opportunities in this market worldwide. In
particular, CAOS applications are expected to
more than triple their market share between 2013
and 2019.

We expect CAOS systems to become that
standard of care in many orthopedic applications
and to continue to provide challenging applied
research topics. We suggest that while CAOS
acceptance may be more moderate than that of
laparoscopic surgery, whose adoption was met
with initial resistance and took many years to lead
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to a paradigm change and may not be disruptive,
it still has a place in the arsenal of useful tools
available to orthopedic surgeons, in the benefit of
the patient.

Acknowledgment This chapter was modified from the
paper published by our group in Medical Image Analy-
sis (Joskowicz and Hazan 2016; 33:84–90). The related
contents are reused with permission.
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3CAMISS Concept and Its Clinical
Application
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Abstract

This chapter intends to provide an overview
of computer-assisted minimally invasive spine
surgery (CAMISS) and its clinical applica-
tion. Since minimally invasive spine surgery
was first brought out, the concept of decreas-
ing the damage to patient was soon become
popular. However, without the proper surgi-
cal field, the spine surgery can be very dan-
gerous. The minimally invasive concept was
restricted in promotion until the computer-
assisted navigation system break down the
obstacles. The CAMISS technique achieves
better clinical outcomes with the advantages
of smaller invasion, less injury, and better re-
covery and also became the gold standard for
spine surgery. The spatial distribution concept
and the respiration-induced motion concept
help in promoting the accuracy and safety of
the CAMISS concept. The CAMISS concept
also facilitated the developing of robotic tech-
niques, which was considered as the future of
orthopedic surgery.
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3.1 MISS

In 1968, Wiltse et al. found that there was an op-
erative space between the multifidus and longis-
simus muscles [1], which is called the classic
Wiltse approach. Compared with the traditional
approaches, the Wiltse approach does not need
to dissect paravertebral muscles, which could
reduce the amount of bleeding and the damage to
soft tissue [2]. In addition, the traditional incision
is prone to damage the medial branch of the
spinal nerve and cause the innervation of the
muscle by retracting the multifidus during the
operation. However, the Wiltse approach splits
multifidus from the lateral part and retains the
intact structure and the innervation of the mus-
cle. It also avoids the muscle atrophy caused
by denervation and is helpful for the recovery
of postoperative spinal function [3]. The MISS
method uses a special minimally invasive device
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to achieve the best surgical effect by minimal sur-
gical injury and less dissection. Since Foley first
completed lumbar posterior fusion by MISS tech-
nique [4], many experts have tried this method
and achieved positive results. Compared with the
traditional incision operation, MISS method has
the advantages of smaller injury, less bleeding,
faster postoperative recovery, and less postop-
erative pain [5, 6]. As MISS method chooses
the physiological space between the multifidus
and longissimus muscles as the incision entry,
it does not need to peel the muscle ligament
and will not damage the blood vessel, avoid-
ing postoperative anemia and transfusion-related
complications [7]. In addition, the MISS method
also preserves the tendon origin of multifidus,
which makes the function of muscle relatively
intact after operation; as a result, the postoper-
ative recovery is fast and the incidence of com-
plications such as lumbosacral pain and lumbar
instability is quite low [8]. In addition, the min-
imally invasive instruments have more uniform
and lower pressure on the muscles. Stevens found
that the average maximum pressure caused by
minimally invasive retractor is about 1/3 of that
by open retractor [9]. The postoperative MRI also
showed that muscle edema was significantly less
in minimally invasive operation group than that
in open surgery group.

However, in order to achieve minimally inva-
sive surgery, MISS sacrifices the wide and clear
operation field. Therefore, the narrow operation
field is the key problem in MISS method. In
traditional posterior spinal surgery, the surgeon
usually operates under the naked eyes. The sur-
geon needs to identify the location and direction
of pedicle screw implantation through specific
structures such as bony markers. The range of
decompression and location of fusion should also
be determined by intraoperative situations. The
basis of these operations is to fully expose the
operation field. However, because of its narrow
incision, MISS method cannot get as clear and
complete field as traditional surgery. Therefore,
many problems have been caused.

• The displacement rate of pedicle screw was
higher. Since Boucher reported in 1959 [10],
the pedicle screw system has been improved

and become a major method of fixation for
posterior spinal surgery. The accuracy of
pedicle screw placement determines the fixed
strength of the built-in body. If a pedicle
screw is displaced, the surrounding structure
may be injured, and surgical complications
may occur. Therefore, before pedicle screw
placement, the surgeon needs to go through
the patient’s imaging information carefully
and determine the entry point according to
the specific bone markers, such as the crista
lambdoidalis method. It is the entry point that
the intersection of the lumbar vertebral lamina
epitaxy and the accessory crista converge.
Roy Camile et al. put forward the straight
comparison method [11], which is based
on converge point of the extension line of
the facet joint and the horizontal axis of the
transverse process axis as the entry point. All
of the above methods need to be fully exposed
to articular process, accessory process, or
transverse process, which is difficult to
achieve in minimally invasive surgery. The
severe misplacement rate of MISS pedicle
screw studied by Schwender is up to 4.1%
[12]. These severely misplaced screws may
cause neurological complications and other
surgical complications.

• The decompression is not enough. Under
the premise of fully exposed operation field,
traditional method can carefully identify the
anatomical structure. However, the operation
field of MISS method is small and deep,
which make it difficult to identify the area
of decompression in the operation.

• Higher exposure to radiation. Radiation expo-
sure is one of the most important topics in
recent years. The short-term, medium-term,
and long-term hazards caused by radiation
have been paid more and more attention. In the
traditional open operation, the screw implan-
tation point can be determined according to
the anatomical markers identified by the naked
eyes. However, in MISS the operator needs to
increase the frequency of radiation to guide
and confirm the position. Tian et al. suggested
that the radiation dose of the MISS operation
is higher than that of the traditional operation
by meta-analysis [13].
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• The learning curve is steep. Before starting
the MISS method, a surgeon needs to practice
more and gain enough experience in open op-
eration. Besides, the operation of MISS needs
to be assisted by perspective and other meth-
ods. However, research shows that the error
rate by two-dimensional X-ray to determine
the accuracy of pedicle screw implantation is
less than 50% [14]. Therefore, except for the
perspective guide, the operator’s experience
and judgment is also important. In addition,
the learning curve of the MISS operation is
also increased as the indistinct anatomical
markers and the inaccurate position of decom-
pression [15].

3.2 Navigation Technique

Navigation-assisted orthopedic surgery tech-
nique has been widely applied since the late
twentieth century. Compared with traditional
methods, navigation-guided surgery has advan-
tages, especially with respect to accuracy. The
nominate accuracy of a navigation system, which
is measured in lab environment, can be within

0.5 mm. However, in clinical practice, the desired
accuracy cannot be easily obtained and sustained.
To analyze the accuracy of a navigation system
in clinical environment, we developed a novel
method to measure the clinical accuracy [16],
finding out that many clinical factors can affect
the clinical accuracy, including the spatial
distribution of equipment, light from shadowless
lamp, movement of the camera and bed, etc.

3.2.1 The Spatial Distribution
of the Equipment

The ideal accuracy of the navigation system re-
lies on the spatial distribution of the equipment
(Fig. 3.1). Before we decide where the naviga-
tion equipment, especially the camera, should be
placed, we should know the accuracy at different
distance between the camera and the surgical
field and the visual scope of the camera.

The first factor we should consider when we
decide the distance is the accuracy. We mea-
sured the clinical accuracy of different distance
between the camera and the patient tracker on
the active infrared navigation system using point-

Fig. 3.1 Operative setup of an intraoperative 3D fluoroscopy-based navigation system. The distance between the
camera and the surgical field and the orientation of the camera should be decided carefully to get ideal accuracy
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Fig. 3.2 Clinical accuracy
of an active infrared
navigation system using
point-to-point registration
without surface matching
based on preoperative CT
under different distances.
For each column N=90.
The registration and
measurement procedures
used a same vertebra
adjacently caudal to the
vertebra with the patient
tracker

Fig. 3.3 Visual scope of an active infrared navigation
system in top view (left) and side view (right). The units
are in meters. Axis X is the distance between the camera
and a registered stylus tool. Markers + and × represent

the max visible positions away from the midline measured
on the horizontal or vertical plane. Markers • shows the
positions of the patient tracker under different distances

to-point registration based on preoperative CT,
finding out that the clinical accuracy varies on
different distances. The nearer the distance be-
tween the camera and the patient tracker, the
better the clinical accuracy (Fig. 3.2).

Another key factor to decide the distribution
of the equipment is the visual scope of a camera.
The visual scope varies among different naviga-
tion brands. However, the visual scopes of two
receiver cameras are similar in shape, because
they have similar architectures and algorithms. A
typical visual scope is as shown in Fig. 3.3.

The visual scope of the navigation system
varies at different distance and has a maximum
scope vertically and horizontally at about 2 me-
ters. Larger visual scope can facilitate the placing
of other equipment, among which the ISO-C 3D
C-arm is the most important one because the
tracker of the C-arm is far from the center of the
visual scope during the scanning.

The clinical accuracy of different distances
was measured at the centers of the visual scope as
shown in Fig. 3.3. However, in clinical practice,
we noticed that the accuracy deteriorates when
away from the central area. After detailed mea-
surement, we got an iso-accuracy line. If all pro-
cedures were taken inside the area surrounded by
the line, the clinical accuracy would not exceed a
certain value (Fig. 3.4).

For point-to-point registration, inside the area
surrounded by the iso-accuracy line of 1.2 mm, it
would be accurate enough for lumbar and lower-
thoracic surgeries. However, the maximum per-
missible error of a pedicle screw at the cervical
and mid-thoracic spine is less than 1 mm. To meet
the requirement, we should take advantage of
auto-registration based on intraoperative CBCT.
Using this registration method, the clinical ac-
curacy of the same system is 0.74 (SD 0.30)
mm at the camera-tracker distance of 1.5 meters.
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Fig. 3.4 Illustration of an iso-accuracy line in vertical
and horizontal plane using point-to-point registration.

Inside the area of the dashed line, the clinical accuracy
should not exceed 1.2 mm. The solid lines indicate the
visual borders of the camera. The units are in meters

Fig. 3.5 Illustration of an iso-accuracy line in vertical
and horizontal plane using auto-registration. Inside the
area of the dashed line, the clinical accuracy should not
exceed 1.0 mm. Note the sharp edge at the distance of 1.35

meters which is the nearest distance for the intraoperative
CBCT scan. The solid lines indicate the visual borders of
the camera. Marker • shows the positions of the patient
tracker at which the clinical accuracy is 0.74 mm. The
units are in meters

The iso-accuracy line of 1.0 mm using auto-
registration is shown in Fig. 3.5

In conclusion, the recommended spatial distri-
bution of the equipment is different for the point-
to-point registration and the auto-registration. To
get stable clinical accuracy, the trackers of the
patient and the tools should stay near the central

visual ray at a limited distance as illustrated in
Fig. 3.4 and Fig. 3.5 It is important to get ideal
anticipated clinical accuracy by refining the spa-
tial distribution before MIS surgeries since it is
barely possible to check the accuracy empirically
by identifying the bony landmarks in MISS. The
areas shown in the figures are only precisely
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suitable for the navigation system model used in
this analysis. However, other navigation system
models, which use the same basic technique,
should have similar results.

3.2.2 The Clinical Accuracy
of Different Types
of Registration

The clinical accuracy of a navigation system is
important in spinal surgery. Study shows that
the maximum permissible translational error of
a pedicle screw at the cervical spine, the mid-
thoracic spine, and the thoracolumbar junction is
less than 1 mm [17].

The clinical accuracy of the point-to-point
registration varies significantly among different
vertebral segments. On the camera-tracker dis-

tance of 1.25 meters (shown as the second solid
dot from left in Fig. 3.3), which is a balance
between clinical accuracy and surgical range, the
clinical accuracy of the most accurate segment,
which is used as the registration vertebra, is
1.08 mm in average as shown in Fig. 3.2 In
the vertebrae next to the registration segment,
the clinical accuracy becomes 1.37 to 1.50 mm.
One vertebra further, the clinical accuracy is over
2.40 mm, which is unacceptable for most spinal
surgeries (Fig. 3.6).

For the auto-registration, the clinical accuracy
shows no significant difference among the seg-
ments in the CBCT scan area. On the camera-
tracker distance of 1.5 meters (shown as the solid
dot in Fig. 3.5), the average of all segments was
0.74 (SD 0.30) mm, which is significantly better
than in the registration segment of point-to-point
registration.

Fig. 3.6 Point-to-point registration on a sawbone model
with titanium beads on surface used as markers of reg-
istration and accuracy measuring. Note that the “mean
dev” is numerically related to, however, much lower than,

the actual clinical accuracy of the registration. The best
average clinical accuracy of the system using point-to-
point registration is 1.08 mm
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The recommended registration method is the
auto-registration based on intraoperative CBCT.
It can achieve higher clinical accuracy, which
meets the need of surgeries in cervical spine,
the mid-thoracic spine, and the thoracolumbar
junction and provide larger operative area for
the surgical tools because it can maintain high
accuracy on larger distance compared with the
point-to-point registration. In addition, all the
vertebrae in a single CBCT scan can be operated,
which reduces rescan times.

For point-to-point registration, the registration
vertebra and the two vertebrae next to it can be
accurate enough in lumbar surgeries. However,
only on the registration vertebra, the clinical
accuracy can barely meet the criteria of accuracy
in the 1 mm parts such as cervical spine. Putting
the camera nearer to the patient tracker may im-
prove the accuracy. Re-registration when target
vertebra changes is essential for surgeries in the
1 mm parts.

Newly made navigation devices may be better
in accuracy and visual scope for both point-to-
point and auto-registration. However, accuracy
checking, re-registration, and rescanning are al-
ways the key to achieve high accuracy.

3.2.3 Clinical Factors Affecting
the Clinical Accuracy

Different equipment acts differently to clinical
factors such as movement of the camera or the
surgical bed after registration. The clinical ac-
curacy of a navigation system that was made in
the early 2000s deteriorates significantly when
the camera or the surgical bed changes position
or angle. The accuracy of the system is also
unstable when the shadowless lamps are turned
on. However, the newer system that was made in
the late 2000s is not affected by the factors [16].

For any new navigation system, it is recom-
mended not to change the position of the camera
as well as the surgical bed after the registration
procedure during operation until the system is
proved able to maintain the accuracy under those
factors. One way to test the device is to use
anatomical bone markers; however, the result

will be not very convincing since the anatomical
markers are not easily located accurately. An-
other fast way is to connect the patient tracker
firmly to a stylus and check the relative coordi-
nate of the stylus under the clinical factors. If
the coordinate hardly changes, the system is not
affected by the factors.

3.2.4 Clinical Criteria for Navigation

Computer-assisted navigation technique has been
set up as a nationwide industry guideline in
China, which is published in the Chinese Journal
of Orthopaedics in 2016, which is led and
organized by Beijing Jishuitan Hospital. Since
the beginning of 2009, the Chinese Medical
Association orthopedics society organized more
than 50 orthopedics experts in investigating
the accuracy, safety, and influence factors
and 14 other subjects. Besides, the evidence-
based medical research on this subject was
also set. In 2010, the People’s Republic of
China National Health and Family Planning
Commission (formerly the Ministry of Health
of People’s Republic of China) set up the
national medical service standard committee and
formulated the standard of computer navigation-
assisted spine surgery. From 2009 to 2012, a
large multicenter clinical study was carried out
to further optimize the operating standards. In
2014, the Chinese Orthopaedic Association and
the Chinese Journal of Orthopaedics launched
the “computer navigation assisted spinal surgery
guide” project and invited nationwide experts to
discuss and finally form the existing version.

3.2.4.1 Applicable People
The application of this guide is to the doctors,
technicians, and nurses involved in computer
navigation and spinal surgery.

3.2.4.2 Epidemiology of Navigation
Standards

The accuracy of computer navigation-assisted
spinal surgery is obviously better than that of
traditional surgery [18]. The results of the study
show that computer navigation-assistedspinal
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surgery can significantly reduce the radiation
exposure of doctors and patients during the
operation and improve the accuracy and safety of
minimally invasive surgery for spinal surgery.

3.2.4.3 Indication of Computer
Navigation-Assisted Spinal
Surgery

Computer-assisted navigation technique is
suitable for most spinal surgery, including spinal
traumatic diseases, degenerative diseases, spinal
deformities, spinal tumors, and spinal infections.
The computer navigation-assisted system is
mainly designed to improve the accuracy of
internal fixation and to localize the area of
lesions, especially in the situation such as unclear
of bony anatomical landmarks, osteopathic
variation and deformity. It is especially suitable
for minimally invasive spinal surgery and spinal
revision surgery [1, 2].

1. Spinal traumatic diseases
Fracture of odontoid process, unstable

Hangman’s fracture, lower cervical spine
fracture, and thoracolumbar fracture

2. Spinal degenerative diseases
Cervical disc herniation, cervical spinal

stenosis, cervical posterior longitudinal liga-
ment ossification, thoracic ligamentum flavum
ossification, lumbar disc herniation, lumbar
spinal stenosis, and lumbar spondylolisthesis

3. Spinal deformities
The deformity of the upper cervical spine,

the congenital severe spondylolisthesis, the
scoliosis and the kyphosis

4. Spinal tumors
Spinal vertebral tumors and intraspinal tu-

mors
5. Spinal infections

Spinal tuberculosis

3.2.4.4 Contraindication of Computer
Navigation-Assisted Spinal
Surgery

1. The patient has systemic diseases include:
severe hemorrhagic disease, severe heart dis-
ease, severe respiratory disease, and other dis-
eases intolerant of anesthesia or surgery.

2. The patient is unable to accept the position re-
quirements of spinal surgery, such as posterior
spinal surgery, and the patient cannot accept
the prone position.

3. The patient is unable to receive radiographic
radiation during the operation.

4. The placement of the tracer cannot meet the
requirements of the operation.

5. The image quality could not be obtained to
meet the requirements of the operation.

3.2.4.5 Learning Curve
Computer navigation is an auxiliary technique
for surgery. The technique needs to be trained
by a certain amount of training and mastery of
its essentials. In the early stage of computer
navigation, the operation time and the accuracy
of screw implantation will be affected by the
learning curve. After a period of accumulation,
the operation time will be shortened, and the
accuracy of implantation is increased [3].

3.3 Robotic Technique

The world’s first medical robot was introduced
by Y.S. Kwoh in 1988 [19]; he used a PUMA
200 series to do the CT-guided stereotactic brain
surgery, and the absolute positioning accuracy
was significantly improved by his results. How-
ever, the surgery time is long, and the robot
arm based on the industrial platform was not
safe enough. His try promoted the innovation of
surgical robot based on image navigation.

Santos-Munné JJ introduced an intraoperative
image fusion method into a robot system which
was used for pedicle crew placement; the robot
was based on the PUMA 560 series [20]. This fu-
sion technique will fuse the intraoperative X-ray
image with preoperative planned trajectory and
then guide the surgeon’s drilling using the hole
in the end effector of the robot arm. This fusion
method realized the dream of putting surgical
plan into the real surgery and pushing forward the
preoperative planning method.

The booming of orthopedic robot was in joint
placement. In 1992, ISS (Integrated Surgical Sys-
tems, USA) introduced RoboDoc, the first ortho-
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pedic robotic system for joint replacement appli-
cations [21]. It is a fully autonomous operation
robotic system which approved by FDA certi-
fication. RoboDoc completed more than 20,000
cases of joint replacement, and clinical studies
have found that it can effectively improve the
accuracy of joint prosthesis implantation and
reduce the incidence of intraoperative fractures,
but at the same time, its shortcomings such as
prolonged operation time, system failure, and
higher incidence of sciatic nerve injury prevent
its widespread application.

For the safety issues, surgeons as the execu-
tor of the surgery have begun to intervene in
the robot-assisted surgery, that is, human-robot
collaborative surgery. Imperial College London
introduced Acrobot Precision Surgical Systems
in 2001 [22]; this system is a synergistic, semi-
autonomous robotic system, and most of all, this
robot has the “Active Constrained Control” de-
sign, which means when the robot arm is working
according to the predefined path, the surgeon
can pull the robot arm at any time to terminate
the activity or adjust. After releasing the robot
arm, it can continue to act according to the orig-
inal path. This breakthrough innovation greatly
improves the safety. Acrobot Precision Surgical
Systems was also designed for joint replacement
surgery and also approved by FDA certification.
The RIO (Robotic Arm Interactive Orthopedic)
System was similar to Acrobot, designed mainly
for total knee or unicondylar knee replacement.
Previous studies have found that such robotic-
assisted arthroplasty with less surgical incision
and shorter recovery time can shorten the study
curve of young doctors. The tibiofemoral angle,
the short-term knee mobility, and the function
score are all better than the traditional surgery
group [23]. The orthopedic robot enables ortho-
pedic surgeons to treat patient-specific, early- to
mid-stage osteoarthritic knee disease with consis-
tent, reproducible precision.

In spinal surgery, Mazor Surgical Technolo-
gies Inc. developed a 6-DOF parallel robot sys-
tem called Renaissance system in 2001. The Re-
naissance has a diameter of 50mm and a height of
80mm and a weight of only 250g. The “Hover-T”
technology allows it to be directly attached to the

patient’s vertebral. This system is a passive robot
system that guides the surgeon to do internal
fixation of the spine and has received FDA and
CE certification.

3.3.1 Combination of Navigation
and Robotic Technology

Though booming in medical robot field, the med-
ical robot still has shortcomings, such as com-
plicated manipulation methods, limited working
area, and can only do specific surgery but cannot
be used universally. And most of all, nearly all
commercial medical robots were based on pre-
operation X-ray or pre-operation CT scans, but
not real-time tracking, which means the naviga-
tion used in medical robot now were “faked nav-
igation.” The “faked navigation” only reflects the
hidden structures at the time the patient takes the
pre-operation X-ray or the pre-operation CT; if
the patient moved during the surgery, the positon
of the hidden structures changed, and the pre-
operation images will not tell the surgeon the
changed information, which will lead to serious
consequences to the patient.

To solve this question and facilitate CAMISS,
Tian Wei introduced the “real-time navigation”
into the medical robot. The commercial product
TianJi robot

®
was a robot-assisted surgical navi-

gation device based on 3D fluoroscopy [24]. This
system consists of a robotic system, optical track-
ing system and surgical planning, and navigation
system.

3.3.1.1 Robotic System
The robotic system mainly consists of a robotic
arm and its controller, which were built on a
mobile platform. The 6 DOF robotic arm has a
maximum reach radius of 850 mm, and each of
the joint is free to move between -360 and +360
degrees. It contains a universal tool base mounted
at the end of the robot arm. The reference frames,
localizer plates, guide holder, and surgical instru-
ments can be mounted onto the base. The mobile
platform is equipped with four castors and the
self-balancing docking system. These allow for
easy docking and removal of the robotic system
from the side of the patient table.



40 W. Tian et al.

3.3.1.2 Optical Tracking System
The optical tracking system consists of an in-
frared stereo camera and two reference frames.
One reference frame is attached to the robot tool
base, and the other is attached to a spinous pro-
cess. The camera projects and detects reflected
infrared light from reflecting spheres on the ref-
erence frames. In this way, the optical tracking
system can capture the robot and vertebra move-
ments in real-time as well as calculate their three-
dimensional vector displacements such that the
robot can compensate for displacement.

3.3.1.3 Surgical Planning
and Navigation System

Implant targeting and trajectory planning are
performed based on the intraoperative 3D
fluoroscopy images acquired from ARCADIS
Orbic 3D C-arm (Siemens Medical Solution,
Erlangen, Germany). The automatic patient
registration will be performed based on fiducial
markers. After registration, surgeons can plan
the trajectory on the aligned images. Once
confirmed, the plan is sent to the robotic
system for execution. For safety reasons, the
software enables trajectory simulation and
emergency stopping to avoid an accident. The
surgical planning and navigation system also
can automatically calculate the distance and
angle between the real path and planned path,
which could guide the robot system’s micro-
movement. In this way, the robot system can
always maintain accurately positioning using the
predefined surgical trajectory.

The high accuracy of real-time navigation
combined with medical robot makes it perform
not only lumbar vertebral surgery but also the
cervical surgery. This system has already finished
the robot-assisted anterior odontoid screw fixa-
tion in 2015 and even the posterior c1-2 transar-
ticular screw fixation for atlantoaxial instability
in 2015 [24, 25]. It is also a universal medical
robot which can perform not only spine surgery
but also the traumatic surgery. It has been applied
in many hospitals in different provinces or city
around the country to promote the application of
patients benefiting 12 million people. The death
rate of severe multiple traumas has decreased

from 25% to 9%, and the surgical accuracy has
increased to 98%. These results demonstrate that
our system has achieved the goal of “high-risk
surgery safely, complex surgery precisely, and
key operation procedure intelligently”.

3.3.1.4 Accuracy of Navigation-Based
Robot-Assisted Spinal CAMISS

Safety and accuracy are two vital aspects for
judging a medical robot: the lower the incidence
of error and misplacement, the more accurate
would be robotic insertion of a pedicle screw.
Countless details of robot designs have been
enhanced to satisfy the demands for safety and
accuracy, but it is still not enough.

Posterior pedicle screw fixation is one of the
commonest spine surgical techniques. The indi-
cations include vertebral fracture, degenerative
disease, deformity, and spine tumors. Although
there are many advantages of pedicle screw fixa-
tion, some severe complications can happen due
to misplacement of screws, such as injury of
surrounded dura, spinal cord, nerve root, vessel,
and screw loosening caused by repeated screw
insertion. Plus, fusion in the thoracic spine is
more risky than lumbar spine, because the width
of pedicle is narrower in the thoracic spine and
spinal cord exists in thoracic spinal canal. Al-
though the accuracy of screw placement is so im-
portant for spine surgery, the misplacement rate
of pedicle screw is around 10∼40% as reported.
Inaccuracy of spine robot may cause unexpected
damage during robot-assisted spine surgery. For
pedicle screw placement surgery, the malposition
rate of pedicle screws using traditional free-hand
methods was reported to range from 9.7% to
15.0%. Even minor cortex or pedicle violation
could lead to severe complications such as neuro-
logical or vascular injury. Limits of precision and
safety for screw placement always exist because
of the limits of surgeons their own.

In order to break those limits in spine surgery,
many scientists are working on the study of
surgical robot. One representative instance is the
SpineAssist (Mazor Surgical Technologies [HQ]
Ltd., Cesarea, Israel), which has been the only
commercially used robot in the spine surgery.
This surgical robot was formed with a stew-
ard parallel robot and a guiding rod fixed on
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the moving platform. During the operation, the
robot fixed on the patient can adjust position and
orientation of the guiding rod, through which
the surgeon can manually drill the screw paths.
Although this robot system has been proven to
be accurate in pedicle screw fixation, the working
area is not proper for patients with severe defor-
mity because of the limit of its platform. And
this system is based on preoperative CT images
and intraoperative two-dimensional fluoroscopy
images. So basically, it cannot provide accurate
intraoperative real-time tracking when patient’s
position changes during a surgery.

TianJi Robot
®

system is a new surgical robot
system that is designed by Beijing Jishuitan Hos-
pital. Surgeons use the system to make preop-
erative planning based on intraoperative three-
dimensional fluoroscopy images. It has a serial-
structured mechanical arm to guide the surgeon
finding a proper entry point and trajectory as
planned. It provides a trajectory and allows sur-
geons drill a K-wire into the marked point on
pedicle. The drilling and screw insertion are still
performed by the surgeon manually. One of the
advantages of this robot system is it can be
applied in upper and lower cervical surgeries.

According to previous studies, the accuracy
of pedicle screw placement assisted by TianJi
Robot

®
system was tested. The overall mean

deviation of pedicle screws was 1.34±0.66mm,
with 90% evaluated as grade A according to the
Gertzbein and Robbins criteria and 10% evalu-
ated as grade B. And no intra- or postoperative
complications were found. There is no study that
compares the accuracy of TianJi Robot

®
system

with other spine surgical robot systems. One
previous study showed the results of a cadaveric
study using SpineAssist for 36 pedicle screws
insertion with an overall deviation of 0.87±0.63
mm. A retrospective study of SpineAssist sys-
tem showed that 98.3% of 646 pedicle screws
were class A or B according to the Gertzbein
and Robbins criteria with mean deviations of
1.2±1.49 and 1.1±1.15 mm on the axial and
sagittal planes. According to previous studies, the
mean diameter of the pedicle in adults ranged
between 4.6 and 6.5 mm in the cervical spine
and was significantly smaller in C4 (5.1 mm).

Although the diameter of the lumbar pedicle is
much wider than those of other spinal segments,
the mean pedicle diameter of the widest segment
(L5) was still only 14.54 mm. The pedicle diam-
eter would be much smaller in children.

3.3.1.5 Influence
of Respiration-Induced
Vertebral Motion and Drilling
Slippery Problem

There are basically two types of surgical robots
used in spine surgery. One type of the robot can
provide a working path for surgical instruments
and guarantees instruments’ steadiness. It thus
acts as a guidance system. An example is the
TianJi robot

®
. The other type of robot provides

a working path for its own instrument and per-
forms the drilling automatically. An example is
the Robotic Spinal Surgery System (RSSS). For
both types of robot, the purpose of the system
is to reach the target pedicle and insert screws
without displacement. There are many impor-
tant structures around the vertebrae, including
the dura, nerves, and vessels. For both types of
robot, the movement of the target pedicle during
the operation could lead to unexpected damage.
Thus, unnecessary movement of the patient and
slippery instruments during the operation must
be avoided. Respiration-induced physical move-
ment of the patient’s body, however, is difficult to
eliminate.

Respiratory movements induce movement of
the whole body, including spinal vertebral bod-
ies, thereby decreasing the accuracy of robot-
guided pedicle screw placement. Previous study
showed that a great amount of motion occurs in
spinal segments during the normal course of gen-
eral anesthesia. Respiration-induced body move-
ment during the operation is inevitable. Body
movement, however, is a predictable random mo-
tion. A prone-positioned patient under general
anesthesia has a specific predictable pattern of
respiration-induced body movement. In previ-
ous study, the position displacement was signif-
icantly less in the left-right (LR) direction than
in the superior-inferior (SI) or anterior-posterior
(AP) direction. It may because the human being
body is almost symmetrical in the LR direction.
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Thus, the body movement could be an equivalent
offset in the LR direction during respiration.
There is no such an equivalent force for the
SI and AP directions during lung expansion.
Thus, body movement is more significant in those
directions.

Respiration-induced motion in vertebral seg-
ments is not even. Displacement was greater in
the lower thoracic and lumbar spine and had more
regional activity than the rest of the spinal seg-
ments. The respiration-induced deviation is more
than 1 mm in both the SI and AP directions, with
more than 2 mm total displacement. The mag-
nitude of the displacement caused by respiration
was thus large in the thoracic and lumbar regions.
The mean total displacement of thoracic regions
was more than 2 mm between the peaks of in-
spiration and expiration. Although the breathing
pattern was repeatable, these magnitudes of dis-
placement are not tolerable for elaborate spinal
pedicle screw fixation surgery. For robot-assisted
surgery, a displacement of more than 2 mm could
lead to perforation of a pedicle screw, causing in-
jury to nearby tissues including the dura, nerves,
or vessels leading to serious consequences. With
respiratory motion of this magnitude, the tradi-
tional registration process of correlating virtual
computer images with the patient is nullified, and
targeting of pedicle screw placement would be
inaccurate. Therefore, respiration-induced body
movement is a key issue in robot-assisted spine
surgery.

Drilling slippery is another common incident
that may significantly decrease the accuracy of
pedicle screw placement. The anatomy feature of
facet joint is the main cause of slippery. Thus,
using a bur to make a groove before drilling is a
useful tip to avoid slippery.

One option for solving respiratory problem is
to make the robot move along with the vertebral
movement caused by respiration. If the robot is
small enough, it can be fitted with additional
hardware that is fixed on the related spine, such
as the Hover-T used in SpineAssist (MAZOR
Robotics, Orlando, FL, USA). The Hover-T fixed
to the patient’s spine through a spinous process
clamp achieved rigid and steady connection with
the bone, which means it was able to move
along with the vertebral movement and lower the

relative movement between the vertebrae and the
robot. However, it is impossible to fix a large
spinal robot to the patient.

One solution to diminishing this deviation
caused by respiration is to redesign the software
of the robot to correct the position of the robot’s
arm by adapting it to the patient’s respiration.
The software should be able to analyze the res-
piratory motion pattern of the patient and thus
adjust the robot’s arm movement to synchronize
with the respiration-induced vertebral movement.
Also, it may be possible to guide a robotic arm
to insert a pedicle screw only during the period
of peak inspiration when the position of the
vertebral body is almost constant (to within 0.1–
0.2 mm for nearly 3s). This window should be
able to be extended by modifying the respiration
rate during the general anesthesia.

3.4 CAMISS

MISS technique is used to reduce the second
injury of patients after surgery. However, it has
many problems. One of the key point of MISS
techniques is to pursuit the minimally invasive
surgery, which sacrificed the operating fields.
Most of the time, the surgery has to be carried
out under the condition of the “invisible” field,
which increases the difficulty and complications
of the surgery and leads to a prolonged learning
curve. It takes time and effort for young sur-
geon to manage and carry out this minimally
invasive surgery to benefit patients. Therefore,
this technique is restricted in promotion. Re-
cently, the introduction of Computer-Assisted
Navigation System (CANS) overcomes the dif-
ficulties. The CANS method can assist the oper-
ation procedure by converting the visual image
to nonvisual image. Then with the help of the
computer-assisted navigation system, the opera-
tor can identify the pathway of pedicle screws
and decompression area exactly, which greatly
make up for the shortcomings of narrow vision
field arising from MISS technique. Therefore, the
combination of CANS and MISS technique, with
the name of computer-assisted minimally inva-
sive spine surgery (CAMISS), makes the spine
surgery more secure and accurate.
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3.4.1 The Definition of CAMISS
Technique

The CAMISS technique, which is first introduced
by Professor Tian from Beijing Jishuitan Hos-
pital, is a new method to combine the CANS
and MISS technique together in order to give
full play of each advantage and make up for
the insufficiency [26]. Meanwhile, by using the
computer-assisted navigation system, the oper-
ator can locate the anatomical position more
precisely, which makes up for the shortcomings
of insufficient operative field by MISS technique.
Besides, the computer-assisted navigation system
also improves the accuracy of screw placement
and decompression area, which will benefit for
reducing the surgical complications (Fig. 3.7).

3.4.2 The Composition of CAMISS

3.4.2.1 Intraoperative Real-Time
Navigation System

The same as the other navigation system, intraop-
erative real-time navigation system includes im-

age acquisition module, data processing module,
and signal tracing module. The image acquisition
module is a high-precision C-arm, which can
perform intraoperative high-speed scanning and
capture three-dimensional images as the same
resolution as a CT scan. Data processing module
contains the mainframe of navigation computer
and a rapid imaging system. The data processing
module can obtain the data collected from the C-
arm quickly and present it in the display screen
of the mainframe computer. The main purpose of
the tracing signal module is to trace the signal by
infrared positioning method, which includes the
infrared receiver and some navigation surgical
instruments, such as tracer, guiding device, sharp
instrument, pedicle opener, registry, calibrator,
and spine clamps.

3.4.2.2 Minimally Invasive Devices
The minimally invasive devices mainly include
minimally invasive retractor (such as the tubular
retractor), minimally invasive internal fixation
system (such as long-tail hollow pedicle screw),
etc.

Fig. 3.7 The procedure of CAMISS operation. A-B. Us-
ing the navigation system to determine the place, depth,
and screw type. C. Decompressing under the minimally

invasive channel. D. Implanting the intervertebral fusion
cage through the minimally invasive channel. E. X-ray
scan. F. The minimal invasion of operation
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3.4.2.3 The Advantages of CAMISS
Technique

The CAMISS technique is a combination of nav-
igation and minimally invasive technique, which
is aiming at drawing on each other’s compara-
tive advantages. A global survey on the applica-
tion of navigation technique revealed that more
than three-quarters of the surgeons agreed that
when applied in spine surgery, navigation tech-
nique has obvious advantages. CAMISS tech-
nique has many benefits. It is good at reducing the
paraspinal muscle injury, accelerating the postop-
erative recovery, as well as increasing the effec-
tiveness of the operation. Besides, CAMISS tech-
nique can also improve the operation accuracy,
reduce intraoperative complications, and improve
the safety of operation. During the CAMISS op-
eration, the surgeons hardly need to operate under
the perspective. Besides, the study by Mendel-
sohn et al. showed that operation under the help
of navigation system can reduce the radiation
exposure to both the operators and the patients.
In addition, the National Standards Committee of
Health Planning Commission has approved the
guideline of spine surgery navigation, which is
led by Beijing Jishuitan Hospital. The industry
standard has established a detailed navigation ap-
plication process, which makes the operation of
navigational devices easier and feasible. Thanks
to this standard guideline, the surgeon’s learning
curve for CAMISS technique is also shortened.

3.4.2.4 Clinical Indications
The CAMISS technique is suitable for the sur-
gical treatment of most degenerative diseases of
the spine. The key points for the treatment of
spinal degenerative diseases include both nerve
decompression and spinal fusion. In the field of
nerve decompression, the navigation system can
accurately determine the range of decompression
and complete the decompression with minimally
invasive and accurate decompression. In the field
of spinal fusion, the use of intraoperative real-
time three-dimensional navigation technique can
automatically register the real-time intraopera-
tive data and complete percutaneous implantation
of pedicle screw implants, which reduced the
paraspinal muscle ligament injury caused by the

exposure of anatomical operation field. Besides,
the CAMISS method can also achieve a more
precise minimally invasive pedicle screw implan-
tation. Meanwhile, CAMISS can significantly
reduce the radiation exposure of surgeons. Nowa-
days, CAMISS technique has been widely used
in lumbar disc herniation, lumbar spinal stenosis,
lumbar spondylolisthesis, and other spinal degen-
erative diseases. The surgical procedures include
MIS-PLIF, percutaneous endoscopic lumbar dis-
cectomy, and radiofrequency ablation.

CAMISS technique is highly recommended
in the below situations in order to improve the
accuracy and safety of surgery.

• Accurate lumbar decompression
• Percutaneous minimally invasive screw im-

plantation
• Difficulties in screw implantation caused by

deformity of the lumbar spine, lumbar refur-
bishment, etc.

• High-precision operation, such as prefilled
cement-reinforced screws

3.4.3 Future of CAMISS

The concept of minimally invasive surgery is
one of the most popular opinions in the field of
medicine, especially in the field of surgery. It is a
central issue on how to reduce the injury caused
by operation and accelerate the postoperative
recovery. In the field of spinal surgery, accurate
implantation, precise decompression, and mini-
mally invasion are the hot spots in recent years.

However, only pursuing minimally invasive
surgery, at the cost of inadequate operation field,
will bring various problems. In order to achieve
minimally invasive surgery, MISS method sacri-
fices the clear operation field as a result of which
many problems were caused. Besides, it is also
necessary to determine the range of decompres-
sion and fusion position through intraoperative
condition with the help of a fully exposed sur-
gical field.

The concept of CAMISS is based on the
combination of MISS and intraoperative real-
time three-dimensional navigation. With the help
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of navigation, the screw insertion and decom-
pression area can be determined directly by im-
age. The navigation technique also ensures the
accuracy of pedicle screw implantation and over-
comes the shortcomings by MISS method. There-
fore, the CAMISS technique is the innovation
and progress on the basis of MISS.

On the one hand, this CAMISS can achieve
the minimally invasive surgical operation, reduce
the damage to the muscles, and maximally re-
tain the soft tissue. Nowadays, this technique
is consistent with the popular concept of en-
hanced recovery after surgery (ERAS). ERAS
was first introduced by Professor Kehlet from
the University of Copenhagen in 2001. Recently,
the perioperative rehabilitation has become one
of the important measurements of surgical treat-
ment. ERAS refers to the use of some evidence-
based medicine methods to optimize perioper-
ative management in order to reduce surgical
stress response, reduce postoperative complica-
tions, accelerate recovery, shorten hospitalization
time, and reduce hospitalization expenses [27]. In
the field of spinal surgery, CAMISS technique is
a promising example. CAMISS is good at min-
imizing operative injury, reducing intraoperative
bleeding and postoperative drainage, accelerating
perioperative recovery, and reducing all kinds of
intraoperative and postoperative complications.

On the other hand, CAMISS technique uses
the three-dimensional real-time image navigation
to guarantee the safety of operation and reduce
the serious operative complications due to incor-
rect placement of internal fixation. In the field
of spinal surgery, the complexity of the spine
structure as well as various influence factors
leads to the difficulty of operation and arises a
high demand for operational skills. Thanks to
the navigation system, the operators can place
the pedicle screws more precisely and safely.
Besides, the operative efficiency is greatly im-
proved. In addition, young surgeons can also
benefit from this technique as the learning curve
is greatly shortened.

In conclusion, CAMISS technique integrates
the minimally invasive concept of MISS and the
advantage of navigation system, which make the
combination of precise treatment and the mini-
mally injury come true. After more than 10 years

of practice, CAMISS has been widely recognized
and applied in China and around the world. Based
on this concept, the “spine surgery minimally
invasive navigation technology guide” has now
entered the second round of deliberations and
will soon become a national industry guide to
be promoted and applied. The intelligent depart-
ment of orthopedics based on this concept has
been established and great achievement has been
made in Beijing Jishuitan Hospital, especially in
the field of orthopedics robot system. With the
continuous improvement of the navigation tech-
nique and the development of minimally invasive
concept, it is believed that CAMISS technique
will be applied more widely in the field of spinal
surgery and benefit both the patients and sur-
geons more in the future.
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Abstract

Orthopedic surgery is a widely performed
clinical procedure that deals with prob-
lems in relation to the bones, joints, and
ligaments of the human body, such as
musculoskeletal trauma, spine diseases, sports
injuries, degenerative diseases, infections,
tumors, and congenital disorders. Surgical
navigation is generally recognized as the
next generation technology of orthopedic
surgery. The development of orthopedic
navigation systems aims to analyze pre-,
intra- and/or postoperative data in multiple
modalities and provide an augmented reality
3-D visualization environment to improve
clinical outcomes of surgical orthopedic
procedures. This chapter investigates sur-
gical navigation techniques and systems
that are currently available in orthopedic
procedures. In particular, optical tracking,
electromagnetic localizers and stereoscopic
vision, as well as commercialized orthopedic
navigation systems are thoroughly discussed.
Moreover, advances and development trends
in orthopedic navigation are also discussed
in this chapter. While current orthopedic
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navigation systems enable surgeons to make
precise decisions in the operating room by
integrating surgical planning, instrument
tracking, and intraoperative imaging, it
still remains an active research field which
provides orthopedists with various technical
disciplines, e.g., medical imaging, computer
science, sensor technology, and robotics, to
further develop current orthopedic navigation
methods and systems.

Keywords

Surgical navigation · Intelligent orthopedics ·
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4.1 Introduction

The human body consists of muscular and skele-
tal systems that compose of bones, cartilages, lig-
aments, and other tissues to connect all anatomi-
cal structures together [14]. These structures are
responsible for support, balance, and stamina.
The human body relies on the skeleton and mus-
cles for the maintenance of shape, posture, move-
ment, rigidity, and others [19]. Several deficien-
cies possibly result in the ineffective ability of the
skeletal and muscular system to function in the
provision of the requirements of the human body.
This is known to be one of the leading causes
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of several types of disabilities including both the
long-term and short-term ones.

Orthopedic surgery is a field of surgery which
is essentially devoted to the appendicular and ax-
ial skeletons also with the anatomical structures
that are related to. This surgical field contains
several subfields or subspecialties ranging from
arthritis, tumors, metabolic conditions, inherited
conditions, congenital conditions, soft tissue pro-
cess, fractures, and others [28]. More specifically,
orthopedic surgery is to treat several conditions
arising from the malfunctioning of the muscular
and skeletal tissues. These treatments usually
contain implant placements, reduction of frac-
tures, reconstruction of torn ligaments, resection
of tumors, osteotomy, drilling of bones (ampu-
tations), and others [22]. Unfortunately, these
treatment procedures with surgical risks can lead
to permanent conditions such as loss of the body
parts or even loss of lives if proper precautions
are not taken to avoid certain errors that arise
truly from human errors. During the two decades,
to reduce or avoid surgical risks, various medi-
cal instruments and surgery methods have been
developed to assist surgeons to obtain successful
orthopedic surgery, especially to provide sur-
geons with real-time and 3-D visualization and
monitoring of the surgical procedure [10].

Computer-assisted orthopedic surgery is
generally a new clinical procedure that is
associated with various computer technologies
such as computer vision and computer graphics.
Such a surgical procedure is employed for
surgical planning and simulation, navigation or
guidance, monitoring, and visualization [12].
More specifically, surgical navigation is the core
element of computer-assisted orthopedic surgery
systems. When surgeons manipulate surgical
instruments during orthopedic intervention,
surgical navigation can accurately track and
intuitively visualize these instruments in real
time related to anatomical targets. Furthermore,
such navigation provides surgeons with useful
information such as the location of the
anatomical structures, identification of regions
of interest, real-time feedback, and monitoring of
the surgical instrument’s position and orientation
in six degrees of freedom (6DoF).

This chapter reviews various aspects of sur-
gical navigation in orthopedics. First, the con-
cept of navigation in surgery is defined. Next,
we thoroughly discuss the surgical workflow of
orthopedic navigation, followed by showing cur-
rently available systems. Finally, the future de-
velopment of orthopedic navigation is described.

4.2 Navigation in Surgery

The initial idea of effective and precise location
of surgical instruments associated with anatomi-
cal structures in the human body during surgery
can be traced back to the late nineteenth cen-
tury [8]. With a large amount of technological
advances in the past three decades, this initial
idea has been evolved to navigation in surgery.
Such evolution has been heavily helped with the
exponential growth of the processing power of
computers coupled with the availability of spe-
cialized and dedicated systems capable of pro-
viding real-time processing and feedback during
surgical procedures. Additionally, clinical techni-
cians have constantly pushed for the development
of new technologies to solve the challenges faced
in surgical procedures.

Navigation in surgery is generally a new con-
cept to improve and boost various surgical and
therapeutic procedures, e.g., neurosurgery [9],
endoscopic interventions [17], and image-guided
radiation therapy [3]. This concept can be de-
composed into two major problems arisen from
various surgical procedures [18]: (1) Where are
the anatomical structures in the body? (2) How
do surgeons safely and quickly get to and lo-
cate them? Surgical navigation can solve the
two problems by precisely and simultaneously
localizing the internal structures, organs, and sur-
gical tools in a safe and minimally invasive way.
Nowadays surgical navigation is widely used
in orthopedic surgery to locate the anatomical
targets and to empower surgeons to recognize
where they are and how they manipulate surgical
instruments to accurately reach the targets.
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Fig. 4.1 The surgical
workflow and steps of
computer assisted
orthopedic navigation
surgery

4.3 Orthopedic Navigation:
Methodology and Systems

According to a report from Datamonitor Health-
care,1 approximately 5.3 million orthopedic surg-
eries were implemented in 2010, and those num-
bers are estimated to be 6.6 millions in 2020. To
meet with this large increase, innovative medical
approaches and systems are steadily required
worldwide in the field of orthopedics. On the
other hand, surgeons expect precise and effi-
cient placement and alignment during orthopedic
surgery such as knee or hip implantation. More-
over, several main technical problems, such as
length restoration, offset of bones, or accurate
implant positioning, remain challenging in the
scientific community. All those aspects requires
novel approaches and medical devices to improve
orthopedic surgery.

Orthopedic navigation is generally recognized
as the new generation of orthopedic surgery.
The new generation can provide surgeons with
preoperative planning and accurate positioning
of operational implants during intraoperative in-
tervention [32]. Furthermore, surgical navigation
in orthopedics enables to collect data in specific
structural replacements (e.g., knee joint). These
collected data, such as measurable values mostly
in a discrete representation form and the laxity
of the knee joint when it is being moved over a
range of positions, are vital information to assist

1https://pharmaintelligence.informa.com/

surgeons in reacting soft tissues and balancing in
real time during surgery.

This section discusses the surgical workflow
of orthopedic navigation and reviews currently
available orthopedic navigation systems.

4.3.1 Surgical Workflow

Orthopedic navigation surgery generally involves
several essential steps (Fig. 4.1): (1) preoperative
data collection and processing, (2) patient-to-
model registration, (3) intraoperative tracking,
and (4) direct visualization. In addition, postoper-
ative validation is also very important. All these
steps are discussed in the following.

4.3.1.1 Multimodal Modeling
Orthopedic navigation surgery usually involves
multiple information modalities including
preoperative and intraoperative data. Computed
tomography (CT) scans or magnetic resonance
(MR) images are most commonly preoperative
data used to analyze orthopedic abnormalities
before surgery. Intraoperative data such as
fluoroscopic images and external tracking data
are very important for surgical navigation.

While CT provides much good bony details,
MR shows very useful tissue information. Both
CT and MR images are segmented to obtain re-
gions of interest. Based on the segmented results,
surface models of orthopedic structures such as
bones and knee can be reconstructed in 3-D [31].
These models are not only used for preoperative

https://pharmaintelligence.informa.com/
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planning but also used as 3-D maps during ortho-
pedic navigation.

4.3.1.2 Spatial Registration
Spatial registration refers to as an conversion or
transformation of coordinates within one space
and those within another space so as to achieve
correspondence between the two coordinates in
two different spaces, i.e., it estimates the transfor-
mation relationship between the physical spaces
of preoperative and intraoperative data and maps
two spaces of virtual and real coordinate systems
such that anatomical structures in the virtual
space correspond to the same structures in the
real space.

In particular, this procedure aims to associate
preoperative 3-D model representation of the
internal anatomy with intraoperative imaging that
usually uses fluoroscopy to directly visualize the
operative sites in the patient. The registration
step is quite important for orthopedic navigation.
Before 3-D CT or MR images acquired preoper-
atively can be used for surgical guidance, these
images or prebuilt 3-D anatomical models must
be registered to a patient’s anatomical system
defined on the surgical field. In this respect, it is
also called image-to-patient registration. Spatial
registration is usually performed with the aid of
geometric features such as landmarks, frames,
surfaces, and others. Two main approaches have
been reported in the literature: (1) fiducial-based
registration and (2) fiducial-free registration.

(1) Fiducial-Based Registration. As the most
commonly used approach, it exactly performs
a surface-matching procedure. This requires to
reconstruct sufficient bone surface from preoper-
ative images and predefine fiducials or markers.

There are two kinds of fiducials that can be
used for the registration. Anatomical or natu-
ral markers are manually determined. Surgeons
usually select 4–5 points or markers from pre-
operative images or the 3-D surface model and
align these points to their corresponding points
on the patient during intervention. The point-pair
matching accuracy ranges from 0.3 to 0.8 mm
as reported in [16, 29]. CT-fluoroscopy match-
ing was also proposed. Two intraoperative flu-
oroscopic images were automatically aligned to

CT slices after a manual adjustment [25]. On
the other hand, artificial markers can be placed
before CT scan. Cho et al. [4] proposed to place
more than three K-wires around the bones and
then perform CT scanning. These K-wires also
can be easily visualized on fluoroscopic images.
Subsequently, Cho et al. [5] also used resorbable
pins as artificial markers, while they employed a
MR scanner to avoid radiation. The registration
error was reported from 0.3 to 1.7 mm.

(2) Fiducial-Free Registration. Intraopera-
tive 3-D imaging can directly generate 3-D shape
or surface of the bony structure. This provides
another alternative that performs 3-D surface
matching between intraoperatively generated and
preoperatively reconstructed surfaces without us-
ing any anatomical or artificial fiducials. Intra-
operative 3-D surface generation commonly uses
tracked and calibrated fluoroscopic and ultra-
sound images. However, the low quality of flu-
oroscopic or ultrasound images potentially limits
the accuracy of the generated 3-D surface.

Additionally, multimodal image registration
also plays an important role in orthopedic navi-
gation surgery. As mentioned above CT and MR
images provide various useful information, re-
spectively. It is natural to fuse CT and MR images
to improve the visualization of target regions
during orthopedic surgery. Figure 4.2 illustrates
a software interface that performs CT-MR fusion
for navigation.

In general, spatial registration is a prerequisite
to various image-guided navigation systems and
definitely a very important step to realize or-
thopedic navigation. The acceptable registration
accuracy required from clinical applications is
not defined yet and also different from various
orthopedic navigation systems. The currently re-
ported registration accuracy is generally less than
2.0 mm.

4.3.1.3 Real-Time Tracking
Orthopedic navigation systems must track sur-
gical tools in real time during surgery. Such
tracking aims to temporarily and continuously
orient the surgical instrument to target regions in
the patient. Based on real-time tracking, surgeons
can visualize and synchronize the surgical instru-
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Fig. 4.2 OrthoMap 3-D module version 2.0 can show CT-MR image registration to assist the navigation. (Image
courtesy of Stryker, Mahwah, NJ, USA)

ment in 3-D surface models reconstructed from
preoperative data. To this end, various external
trackers have been developed [18].

External tracking devices usually consist of
control units, sensing volume generator, and sen-
sors (e.g., coils or reflective marker spheres). The
sensor is usually fixed at the surgical instruments.
The control unit and sensing volume generator
work together to estimate the position of the
senor. After a calibration between the sensor
and surgical tool, the surgeon can successfully
and automatically navigate the surgical tool on
the basis of the continuous measurements of the
sensor.

Currently, commonly used external trackers
include optical tracking and electromagnetic
tracking (Fig. 4.3). The former senses infrared-
emitting or retroreflective markers affixed to a
surgical tool or object and only can be used for
rigid surgical instruments outside the body. The

latter uses embedded sensor coils to perceive
the location of the surgical instrument and
can be employed to track flexible instruments
inside the body. More recently, a stereovision
tracking device has been commercialized. This
technology perceives depth information and 3-D
structure derived from video information from
two or more video cameras (Fig. 4.4).

Additionally, motion analysis cameras can be
introduced for tracking. These cameras provide
kinematic measurements to mathematically cal-
culate rotation centers through the movement
of opposite skeletal structures usually attached
with fixed markers, and marker information in
the anatomy of the bone structures also can be
collected by mobile marker pointers using the
method of triangulation.

Real-time tracking is a vital component that
synchronizes various information in orthopedic
navigation. It generally uses external tracking
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Fig. 4.3 Optical tracking and EM trackers (Polaris, Aurora, and 3-D Guidance trakSTAR) with EM sensors. (Image
courtesy of Northern Digital Inc., Waterloo, Canada)

Fig. 4.4 Available MicronTracker models and the ClaroNav tool (an ergonomic probe handle with two permanent
targets). (Image courtesy of ClaroNav, Toronto, Canada)

devices including sensors that are integrated with
the surgical tools and navigate them associated
with the skeletal structures. The tracking devices
discussed above have their own advantages and
disadvantages. How to select a proper tracking
device is an open issue but partially relies on a
typical application.

4.3.1.4 Direct Visualization
Preoperative and intraoperative data should be
represented properly to surgeons during orthope-
dic intervention. Multimodal data representation
approaches in orthopedic navigation require to
provide surgeons with critical structural infor-
mation in real time and minimally interrupt the
surgical workflow. Particularly, volumetric data
(e.g., CT and MR) must be presented to the sur-
geon in an intuitive manner that shows important
and understandable anatomical structures in the
patient.

Currently, there are generally three ways to
visualize 3-D volumetric data: (1) planar visu-
alization, (2) surface rendering, and (3) volume
rendering. Planar visualization approaches basi-
cally display orthogonal slices in three directions
of axial, sagittal, and coronal axes. Volume ren-
dering is a visualization technique that employs
a transfer function to allocate an opacity or color
associated with the voxel intensity to each voxel
in volumetric data [20], while surface rendering
depends on preoperatively segmented 3-D data
that are further processed by an intermediate step
(e.g., using the marching cubes algorithm) to
generate anatomical 3-D models [21].

All the data used in orthopedic navigation and
represented by any one of three approaches men-
tioned above are eventually shown on screens
or monitors. This empowers surgeons with intu-
itively monitoring the movement of the surgical
tools related to preoperatively reconstructed 3-
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D models and the anatomical structures in the
patient in the operating room. In addition, direct
visualization allows the orthopedic navigation
system to efficiently calculate initial superla-
tive implant or repairable position, resulting in
effective preparation for bones making use of
navigated tools, while analyzing soft tissues for
proper ligament balancing over a range of ro-
tation based on physical or simulated kinematic
curves.

4.3.1.5 Postoperative Validation
Postoperative validation is necessary to evaluate
the surgical outcome of orthopedic navigation.
Successful orthopedic guidance should properly
recover orthopedic structure function of patients,
especially replace or resect the bones, knee, or
joint in a high precision. Unsuccessful proce-
dures possibly bring physical suffering or even
disability to patients and increase economic bur-
den and hospital stay time.

Although no gold standard has been reported
in the literature, postoperative assessment of or-
thopedic navigation usually includes several as-
pects: (1) surgical (e.g., replacement or resection)
accuracy, (2) recovery of orthopedic function,
and (3) surgical complication. After surgery, CT
or MR images may be acquired for orthope-
dic patients for postoperative validation purpose.
Therefore, surgeons can visualize these images to
inspect the surgical outcome. On the other hand,
postoperative and preoperative image registration
is also an effective way to evaluate the replace-
ment or resection accuracy after orthopedic nav-
igation surgery. Moreover, the recovery of the
physical functions of the orthopedic structures
on the patient is the most important outcome of
orthopedic surgery. After recovering the bones,
muscles, and joints in the musculoskeletal sys-
tem, orthopedic patients are expected to do ev-
eryday physical activities exactly as normal or
healthy peoples can act. Additionally, orthopedic
surgery possibly generates complication after a
surgery. These unanticipated problems should be
minimized to avoid additional therapy.

4.3.2 Available Systems

Orthopedic navigation systems are surgical areas
that are widely developed in the scientific com-
munity. Many commercialized systems are avail-
able to navigate orthopedic procedures. Various
approaches and systems are used in orthopedic
navigation for preoperative, intraoperative, and
postoperative procedures. All of them aim to
maximize the surgical outcome while minimizing
the surgical risk.

Technically, these approaches are categorized
into two main types: (1) fluoroscopy-based navi-
gation and (2) dynamic CT-based navigation.

4.3.2.1 Fluoroscopy-Based Navigation
In this navigation, preoperative CT or MR images
must be acquired. These images are processed
and reconstructed to be 3-D models that are
associated with localization of surgical tools and
implants during surgery (Fig. 4.5). While external
trackers are placed on specific anatomical refer-
ence points on the skeletal structure of interest,
these points are indicated by a small series of
fluoroscopic images.

A C-arm fluoroscopy-based navigation system
usually contains a workstation and a monitor,
external tracking systems, fluoroscopy, a clamp
with dynamic reference frame, and several opti-
cally marked instruments. Devices used for cali-
bration are usually two parallel plates that consist
of radiopaque metal spheres. Optical tracking are
most commonly used to determine the position
and orientation of surgical instruments in real
time; hence, it provides real-time navigation.

Fluoroscopy-based navigation has several spe-
cific features. First, it boasts in its virtual flu-
oroscopy which provides surgeons with virtual
images in real time and determination of the
most appropriate location from the gallery of
these images. Next, this navigation does not rely
on real-time changes on the patient since the
navigation depends totally on the chosen images
from the virtual image gallery. Furthermore, it
has evolved to 3-D fluoroscopy-based navigation
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Fig. 4.5 Fluoroscopy-based navigation: CT-based three orthogonal reconstructions along the planned screw axis were
illustrated. (Image courtesy of Takao et al. [26])

which provides additional benefits such as axial
plane visualization that acts as a real-time CT
scanner. Figure 4.6 shows a real-time view of CT
and 3-D fluoroscopy matching.

Fluoroscopy-based navigation still has some
limitation. 3-D virtual images are generated
from specific 2-D X-ray projection rather than
from optimized 3-D images. This implies that
reconstructing 3-D virtual fluoroscopic images
depends heavily on interpreting 2-D projected
information, in turn, which relies critically on
knowledge and skills of surgeons. Furthermore,
fluoroscopic images are rather difficult to obtain
in specific patients such as obese patients. This
requires to reduce parallax effects by aligning
the irrespective of size and the surgical field

of interest to the fluoroscopic image viewing.
Additionally, radiation is unavoidable in surgery.

4.3.2.2 Dynamic CT-Based Navigation
Cone-beam CT (CBCT) or O-arm is an intraoper-
ative imaging technique that is introduced for dy-
namic and real-time visualization of anatomical
structures on the patient in the operating room.
Hence, it also can be used for navigation. While
CBCT images are used to reconstruct 3-D models
of regions of interest, they also can directly visu-
alize the structures, implants, and surgical tools
in a dynamic state during surgical navigation.
Two primary methods or modes can be employed
to collect and use 3-D CBCT images. Supervi-
sion mode requires to plan several steps that will
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Fig. 4.6 Fluoroscopy-based navigation: CT-fluoroscopy matching displays the preoperatively planned screw position
on CT images. (Image courtesy of Takao et al. [26])

be performed in the surgical procedure, and it
guides surgeons by matching each of surgical
steps with initially planned and simulated steps
on a monitor during surgery. Real-time mode
monitors the surgical tools and skeletal structures
of interest (implants or repairable) that are di-
rectly moved to the surgical places.

CBCT or O-arm-driven navigation systems
(Figs. 4.7 and 4.8) empower surgeons with ac-
curate representation of the anatomical struc-
tures and effective administration of orthopedic
surgical procedures such as implantations and
bracing without requirement of surgical planning
before surgery. While C-arm-based fluoroscopy
provides orthopedic navigation with continuous
static 2-D images in real time, it gives only a
planar and 2-D image at a time untilrepositioned

and does not permit simultaneous 3-D imaging.
Compared to radiographs or C-arm fluoroscopy
alone, 3-D O-arm mode provides enhanced imag-
ing information and accurate intraoperative visu-
alization of the position of bones and/or naviga-
tion implants. Therefore, dynamic CT-based nav-
igation is a promising way to reduce intraoper-
ative complications and simultaneously improve
surgical outcomes.

In general, no matter what types are used in
orthopedic navigation, CT or MR images are pre-
operatively acquired for surgical planning. The
major difference between the fluoroscopy-based
and dynamic CT-based navigation approaches is
that the former offers 2-D planar images, while
the latter can provide 3-D volumetric imaging
data like a CT system. Currently, thesetypes are
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Fig. 4.7 Intraoperative CBCT-based navigation for per-
cutaneous fixation: (a) the non-union fracture observed on
a MR image of the right foot before surgery, (b) the target
trajectory and screw implantation across the fracture part

during surgery, and (c) the satisfactory fixation and heal-
ing of the fracture observed on a MR image after surgery.
(Image courtesy of Chowdhary et al. [6])

widely used by medical device companies such
as BrainLAB and Stryker, discussed in the fol-
lowing.

4.3.2.3 BrainLAB System
BrainLAB produces orthopedic navigation to
meet with currently active patients who demand
good structures (e.g., hip and knee) and require
precise alignment and individual soft tissue
balancing essential in total various arthroplasty
surgeries.

BrainLAB’s HIP 6 allows precise hip
arthroplasty based on navigation that can reduce
outliers and improve acetabular placement, as
well as obtain more consistent leg length restora-
tion. With five easy steps, HIP 6 can efficiently
calculate cup or stem position and determine
leg length and offset without repositioning the
patient. KNEE3 from BrainLAB is a smart
image-free navigation software that visualizes
and summarizes the complex interaction between
3-D kinematics, joint stability, and implant
alignment. Compared to conventional surgical
techniques, BrainLAB’s spinal navigation
empowers accurate screw placement and
reduction of fluoroscopy exposure, as well as

enhanced visualization of instruments, skin
incisions, and trajectories. Figure 4.9 shows
various BrainLAB’s orthopedic navigation
systems.

4.3.2.4 Stryker System
As one of leading companies in orthopedic navi-
gation, Stryker also provides hip and knee nav-
igation software for precise orthopedic surgery
with unparalleled accuracy and control in total
hip and knee replacements. Figure 4.10 displays
Stryker’s Navigation System II that is equipped
with OrthoMap software systems.

The Navigation System II has some specific
features. First, dual articulating arms provide
surgeons and staffs with maximum flexibility
for positioning during surgery. More importantly,
it employs Stryker’s own highly accurate and
reliable digital cameras as the tracking devices
with large working volume and virtually no jitter.
Moreover, the Navigation System II provides the
ability to import multimodal information such as
fluoroscopic, microscopic, and endoscopic im-
ages, enabling surgeons to compare unaffected
and affected anatomy with automatic symmetri-
cal visualization as a preoperative and intraop-
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Fig. 4.8 Intraoperative CBCT-based navigation for percutaneous arthrodesis of the subtalar joint: (b) and (c) display
the target trajectory and screw implantation across the subtalar joint. (Image courtesy of Chowdhary et al. [6])

erative guidance. Additionally, it contains three
OrthoMap software systems including Precision
Knee Navigation Software, Express Knee Nav-
igation Software, and Versatile Hip Navigation
Software.

More recently, Stryker has developed Mako
that is a robotic arm-assisted system (Fig. 4.11).
Mako can be used for total hip or knee surgery.
It provides patients with a personalized surgical
experience. Moreover, Mako provides patients
with a more predictable surgical experience dur-
ing joint replacement surgery.

4.3.2.5 NAVIO System
Smith & Nephew PLC is an international
producer of advanced wound management,
arthroscopy, and orthopedic reconstruction
products and has successfully developed the
NAVIO surgical system that is widely used for
orthopedic surgery including knee replacement,
joint replacement, and bone resection (Fig. 4.12).

The NAVIO surgical system is generally de-
signed to provide surgeons with component po-
sitioning, ligament balancing, and bone prepa-
ration. Most interestingly, NAVIO performs an
image-free navigation workflow, which is totally
different from BrainLAB and Stryker’s systems.
While an image-based navigation workflow usu-
ally includes diagnosis, preoperative data ac-
quisition (e.g., CT or MR scans), preoperative
data analysis and planning, intraoperative plan-
ning, and surgery, the image-free workflow con-
tains only diagnosis, intraoperative planning, and
surgery.

Image-free navigation strategy brings NAVIO
with several specific advantages. First, intraop-
erative real-time imaging and computing elimi-
nates time and costs associated with preoperative
imaging and planning, which not only simplifies
the surgical procedure but also reduces radiation
exposure for patients. Moreover, NAVIO imple-
ments navigation without collecting a CT or MR
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Fig. 4.9 BrainLAB’s hip, knee, and spine navigation surgery systems. (Image courtesy of Brainlab AG, Munich,
Germany)
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Fig. 4.10 Stryker’s Navigation System II provides hip, knee, and spine navigation surgery. (Image courtesy of Stryker
Corporation, Kalamazoo, USA)
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Fig. 4.11 Stryker’s
robotic arm-assisted Mako
system. (Image courtesy of
Stryker Corporation,
Kalamazoo, USA)

scan and provides surgical personnel and patients
with a patient-specific plan without additional
procedures related to other image-based work-
flows that can increase cost or delay surgery.
In this respect, virtual representation of patient
anatomy is generated by using direct anatomic
mapping and kinematic registration. More in-
terestingly, NAVIO employs a handheld instru-
ment to precisely resect bone approved by the
surgeon within the patient-specific plan, which
offers a unique and flexible method to arthro-
plasty. Additionally, the NAVIO surgical sys-
tem allows a cost-effective method that gives a
cutting-edge surgical practice and achieves out-
comes predictable to the plan.

4.4 Future Development

Orthopedic navigation techniques are widely de-
veloped, and many commercial systems are avail-
able to clinical applications. However, as a matter
of fact, different orthopedic patients have var-

ious and unique physical external and internal
structures. Such patient variation results in var-
ious limitations in current orthopedic navigation.
The future development of orthopedic naviga-
tion includes multimodal fusion, shape sensing,
robotics, oncology, and academic collaboration,
discussed in the following.

4.4.1 Multimodal Fusion

Various imaging multimodalities such as CT,
MR, PET, and fluoroscopic images provide sur-
geons with different structural and functional in-
formation. While these information are obtained
in different imaging spaces, multimodal informa-
tion synchronization is essential to boost ortho-
pedic navigation [2]. Unfortunately, seamless fu-
sion of these information remains challenging for
surgical navigation in various clinical procedures
including orthopedic surgery. A future direction
is the development of accurate and robust fusion
of preoperative and intraoperative information.
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Fig. 4.12 NAVIO surgical system. (Image courtesy of Smith & Nephew PLC, London, UK)

4.4.2 Shape Sensing

The unique shape of the bone is used to register
the preoperative plan with the position of the
patient in the operating room. On the other hand,
intraoperatively located surgical tools are very
important for orthopedic navigation. The use of
shape sensing for tracking anatomical structures
and surgical instruments is a novel idea to im-
prove accuracy and precision of orthopedic nav-
igation [11]. More recently, shape sensing tech-
niques were thoroughly reviewed for minimally
invasive surgery [24]. In addition, orthopedic
navigation system with sensorized devices is a
promising way to report anatomical alignment
and feedback in real time during surgery [23].

4.4.3 Orthopedic Robotics

Orthopedic surgery has been incorporated with
robotic ethnology for the planning and perfor-
mance of total hip replacement in 1992 [15].
Subsequently, robotic-assisted surgery has been
most popular in unicompartmental arthroplasty,
which results in greater accuracy of surgical
implantation compared with conventional
techniques. Although robotic-assisted orthopedic
surgery has been demonstrated superior accuracy
in most short-term studies, it still suffers
from various limitations [15]. Robotic-assisted
orthopedic surgery warrants further research and
development.
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4.4.4 Orthopedic Oncology

Surgical navigation in orthopedic oncology is a
relatively new research area [29]. It is an ex-
tension of computer-assisted orthopedic naviga-
tion. While orthopedic navigation offers real-
time direct visualization and accurate tracking of
anatomical and pathologic structures and surgical
instruments, it limits bulky navigation facilities,
a long time of settings, and a lack of stable cut
instruments [30]. Further development is to ad-
dress these limitations and improve its efficiency
and robustness.

4.4.5 Simulation and Validation

Although current orthopedic navigation systems
combine preoperative images for resection plan-
ning, they have no support for simulation such
as virtual bone resection and assessment of the
resection defect and bone allograft selection from
a 3-D virtual bone bank. It still remain unique
and largely unexplored engineering challenges to
build training simulators for orthopedic surgery,
e.g., it is difficult to simulate both the large
forces and subtle haptic feedback [27]. On the
other hand, the navigation system (hardware and
software) generated error has been generally dis-
regarded [13]. Unbiased validation of accuracy
and precision of orthopedic navigation requires
to investigate the impact of extra-articular defor-
mity on the system-level errors generated during
intraoperative resection measurement [1].

4.4.6 Academic Collaboration

Recently, Conway et al. [7] proposed a model
for academic collaboration in orthopedic surgery.
Such a collaboration aims to solve major prob-
lems in orthopedic surgery worldwide. Although
this model specified much methodological as-
pects, it still remains many challenges, e.g., the
relative lack of objective, measurable outcomes
regarding its interventions, and the financial sus-
tainability [7]. Future recommendation is to ex-
tend this model that demands for new partner-
ships and efforts.

4.5 Closing Remarks

This chapter discusses surgical navigation
in orthopedics. Computer-assisted orthopedic
navigation surgery is generally considered as the
new generation of orthopedic surgery. To realize
orthopedic navigation, various techniques have
been reviewed, such as multimodal modeling,
spatial registration, real-time tracking, and direct
visualization. In particular, several available
orthopedic navigation systems were reviewed
in this chapter. Although orthopedic navigation
is a relatively mature field, it still requires further
development including multimodal fusion, shape
sensing, robotics, oncology, simulation and
validation, and academic collaboration. These
developments will definitely progress current
orthopedic navigation and surgery approaches
and systems to a completely new stage of
intelligent orthopedics.
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5Multi-object Model-Based Multi-atlas
Segmentation Constrained Grid Cut
for Automatic Segmentation of
Lumbar Vertebrae from CT Images
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Abstract

In this chapter, we present a multi-object
model-based multi-atlas segmentation
constrained grid cut method for automatic
segmentation of lumbar vertebrae from
a given lumbar spinal CT image. More
specifically, our automatic lumbar vertebrae
segmentation method consists of two steps:
affine atlas-target registration-based label
fusion and bone-sheetness assisted multi-label
grid cut which has the inherent advantage
of automatic separation of the five lumbar
vertebrae from each other. We evaluate
our method on 21 clinical lumbar spinal
CT images with the associated manual
segmentation and conduct a leave-one-out
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study. Our method achieved an average
Dice coefficient of 93.9 ± 1.0% and an
average symmetric surface distance of
0.41 ± 0.08 mm.
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5.1 Introduction

The field of medical image computing and
computer-assisted interventions has been playing
an increasingly important role in diagnosis and
treatment of spinal diseases during the past 20
years. An accurate segmentation of individual
vertebrae from CT images are important for
many clinical applications. After segmentation, it
is possible to determine the shape and condition
of individual vertebrae. Segmentation can also
assist early diagnosis, surgical planning, and
locating spinal pathologies like degenerative
disorders, deformations, trauma, tumors, and
fractures. Most computer-assisted diagnosis
and planning systems are based on manual
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segmentation performed by physicians. The
disadvantage of manual segmentation is that
it is time-consuming and the results are not really
reproducible because the image interpretations
by humans may vary significantly across
interpreters.

Vertebra segmentation is challenging because
the overall morphology of the vertebral column.
Although the shape of the individual vertebrae
changes significantly along the spine, most
neighboring vertebrae look very similar and
are difficult to distinguish. In recent years, a
number of spine segmentation algorithms for
CT images have been proposed. The proposed
methods range from unsupervised image
processing approaches, such as level set [14] and
graph cut methods [1], to geometrical model-
based methods such as statistical anatomical
models or probabilistic atlas-based methods
[8, 10, 12, 16, 17] and to more recently machine
learning and deep learning-based methods
[4, 5, 15].

In this chapter, we proposed a two-stage
method which consists of the localization stage
and the segmentation stage. The localization
stage aims to identify each lumbar vertebra,
while the segmentation stage handles the
problem of labeling each lumbar vertebra from a
given 3D image. Previously, we have developed a
method to fully automatically localize landmarks
for each lumbar vertebra in CT images with
context features and reported a mean localization
error of 3.2 mm [6]. In this paper, we focus on the
segmentation stage where the detected landmarks
in the localization stage are used to initialize our
segmentation method.

To this end, we propose to use affinely reg-
istered multi-object model-based multi-atlases as
shape prior for grid cut segmentation of lumbar
vertebrae from a given target CT image. More
specifically, our segmentation method consists of
two steps: affine atlas-target registration-based
label fusion and bone-sheetness assisted multi-
label grid cut. The initial segmentation obtained
from the first step will be used as the shape prior
for the second step.

The chapter is organized as follows. In the
next section, we will describe the method.

Section 5.3 will present the experimental results,
followed by discussions and conclusions in
Sect. 5.4.

5.2 Method

Figure 5.1 presents a schematic overview of the
complete workflow of our proposed approach.
Without loss of generality, we assume that for
the lth (l ∈ {1, 2, 3, 4, 5}) lumbar vertebra, there
exists a set of Nl atlases with manually labeled
segmentation and manually extracted landmarks.
In the following, details of each step will be
presented.

5.2.1 Affine Atlas-Target
Registration-Based Label
Fusion

Given the unseen lumbar spinal CT image, we
assume that a set of landmarks have been already
detected for each lumbar vertebra. The following
steps are conducted separately for each lumbar
vertebra.

Using the detected anatomical landmarks,
paired-point scaled rigid registration are
performed to align all Nl atlases of the lth lumbar
vertebra to the target image space. We then select
Nl,s � Nl atlases with the least paired-point
registration errors for the atlas affine registration
step as described below.

Each selected atlas consists of a CT
volume and a manual segmentation of the
corresponding lumbar vertebra. For every
selected atlas, we perform a pair-wise atlas-
target affine registration using the intensity-
based registration toolbox “Elastix” [11]. Using
the obtained 3D affine transformation, we can
align the associated manual segmentation of
the selected atlas to the target image space.
Then the probability of labeling a voxel x

in the target image space as part of the lth
lumbar vertebra is computed with average
voting:

pl,x = 1

Nl,s

∑Nl,s

i=1
Ai(x) (5.1)
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Fig. 5.1 The flowchart of our proposed segmentation method. See text for details

where Ai(x) ∈ {0, 1} is the label of the ith
atlas at voxel x after aligned to the target image
space.

A simple thresholding is then conducted to get
an initial binary segmentation of the lth lumbar
vertebra:

Ll(x) =
{

0; pl,x < T

1; pl,x � T
(5.2)

where T is the threshold and is empirically se-
lected as 0.35.

Above steps are conducted for all five lumbar
vertebrae.

5.2.2 Bone-Sheetness Assisted Grid
Cut

The initial segmentation obtained in the last step
is usually not accurate enough as only affine
atlas-target registrations are used. To further im-
prove the segmentation accuracy, we proposed to
use bone-sheetness assisted multi-label grid cut
taking the initial segmentation as the shape prior.

Grid cut is a fast multi-core max-flowmin-
cut solver optimized for grid-like graphs [9].
The task of multi-label grid cut is to assign an

appropriate label L(x) to every voxel x in the
image space Ω of the target image I . In our case,
labels L(x) ∈ {0, 1, 2, 3, 4, 5} are employed for
the purpose of labeling the target image into
six different regions including background region
(BK, L(x) = 0) and the five lumbar vertebral
regions (for the lth lumbar vertebra Ll , L(x) =
l). After segmentation, the target image will be
partitioned into six sub-image regions, i.e., Ω =
{ΩBK ∪ Ωl1 ∪ Ωl2 ∪ Ωl3 ∪ Ωl4 ∪ Ωl5}.

Grid cut, similar to graph cut [3], is an energy
minimization segmentation framework based on
combinatorial graph theory. The typical energy
function of a multi-label grid cut E(L) is de-
fined as

E(L) =
∑

x∈Ω

Rx(L(x))

+ λ
∑

(x,y)∈N
Bx,y(L(x), L(y))

(5.3)

where Rx(L(x)) is the pixel-wised term which
gives the cost of assigning label L(x) ∈
{0, 1, 2, 3, 4, 5} to voxel x, Bx,y(L(x), L(y))

is the pair-wised term which gives the cost of
assigning labels to voxel x and y in a user-defined
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neighborhood system N , and λ adjusts the
balance between the pixel-wised term and pair-
wised term.

In general, grid cut methods define the energy
based on intensity information. However, weak
bone boundaries, narrow inter-bone space, and
low intensities in the trabecular bone make image
intensity alone a relatively poor feature to dis-
criminate adjacent joint structures [13]. This can
be addressed by applying image enhancement
using sheetness filter to generate a new feature
image (sheetness score map) [7]. For each voxel
in the target image space Ω , a sheetness score BS

is computed from the eigenvalues |λ1| ≤ |λ2| ≤
|λ3| of local Hessian matrix with scale σ as

BSx(σ ) =
(

exp

(−R2
sheet

2α2

))(
1−exp

(−R2
blob

2γ 2

))

(
1 − exp

(−R2
noise

2ξ 2

))
(5.4)

where α, γ, ξ are the parameters [7].
Rsheet = |λ2|

|λ3| , Rblob = |2λ3−λ2−λ1|
|λ3| , Rnoise =√

λ2
1 + λ2

2 + λ2
3.

For every pixel x, we have the computed
sheetness score BSx ∈ [0, 1], where larger score
associates with higher possibility that this pixel
belongs to a bone region. With the computed
sheetness score map and the initial segmentation,
we define each term of the energy function as
described below:

Pixel-wised term Based on the initial segmen-
tation obtained in the last step, the target image
space Ω can be separated into six sub-image
regions, i.e., Ω = {Ω ′

BK ∪Ω ′
l1
∪Ω ′

l2
∪Ω ′

l3
∪Ω ′

l4
∪

Ω ′
l5
}, where each sub-image region is obtained

from the corresponding initial segmentation. By
further employing the computed sheetness score
map and the Hounsfield units (HU) of different
tissues, the exclusion regions for each structure
can be defined as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

E¬L1 = {v /∈ Ω ′
L1

andI(x) ≤ −50HU}
E¬L2 = {v /∈ Ω ′

L2
andI(x) ≤ −50HU}

E¬L3 = {v /∈ Ω ′
L3

andI(x) ≤ −50HU}
E¬L4 = {v /∈ Ω ′

L4
andI(x) ≤ −50HU}

E¬L5 = {v /∈ Ω ′
L5

andI(x) ≤ −50HU}
E¬BK = {v /∈ Ω ′

BKandI(x) ≥ 200HU ∧ BSv >0}

(5.5)

where −50HU and 200HU are selected following
[13]. The Rx(L(x)) is then defined as

Rx(L(x)) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1 ifL(x) = 0andx ∈ E¬BK

1 ifL(x) = 1andv ∈ E¬L1

1 ifL(x) = 2andv ∈ E¬L2

1 ifL(x) = 3andv ∈ E¬L3

1 ifL(x) = 4andv ∈ E¬L4

1 ifL(x) = 5andv ∈ E¬L5

0 otherwise

(5.6)

Pair-wised term As the sheetness filter
enhances the bone boundaries, we employ the

computed sheetness score map to define the pair-
wised term:

Bx,y(L(x), L(y)) ∝

exp{−|BSx − BSy |
σs

} · δ(L(x), L(y))

(5.7)

where σs is a constant scaling parameter and

δ(L(x), L(y)) =
{

1 ifL(x) �= L(y)

0 otherwise
(5.8)
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5.3 Experimental Results

We evaluated our method on 21 clinical lum-
bar spinal CT data with the associated manual
segmentation. The size of the data ranges from
512 × 512 × 318 voxels to 512 × 512 × 433
voxels. The voxel spacing of the data ranges
from 0.43 × 0.43 × 0.7 mm3 to 0.29 × 0.29 ×
0.7 mm3. In this paper, we conducted a leave-
one-out (LOO) cross-validation study to evaluate
the performance of the present method. More
specifically, each time we took 1 out of the 21
CT data as the test data and the remaining 20
CT data as the atlases, and we chose Nl,s to be
5. The process was repeated for 21 times, with
each CT data used exactly once as the test data.

In each time, the segmented results of the test
data were compared with the associated ground
truth manual segmentation. For each vertebra in
a test CT data, we evaluate the average symmetric
surface distance (ASSD), the Dice coefficient
(DC), precision, and recall.

Table 5.1 presents the segmentation results
of the cross-validation study, where the results
on each individual vertebra as well as on the
entire lumbar region are presented. Our approach
achieves a mean DC of 93.9 ± 1.0% and a mean
ASSD of 0.41 ± 0.08 mm on the entire lumbar
region. In each fold, it took about 12 min to
finish segmentation of all five lumbar vertebrae of
one test image. Figure 5.2 shows a segmentation
example.

Table 5.1 Segmentation
results of the leave-one-out
cross validation on 21
clinical spinal CT data

DC (%) ASSD (mm) Precision (%) Recall (%)

L1 94.2 ± 0.8 0.39 ± 0.06 91.9 ± 1.7 96.7 ± 1.6

L2 94.1 ± 0.8 0.39 ± 0.05 91.6 ± 1.9 96.7 ± 1.6

L3 93.8 ± 1.0 0.42 ± 0.07 91.0 ± 2.3 96.8 ± 1.7

L4 94.0 ± 0.9 0.40 ± 0.06 91.4 ± 2.0 96.9 ± 1.6

L5 93.7 ± 1.1 0.45 ± 0.11 91.2 ± 2.6 96.3 ± 2.1

Lumbar 93.9 ± 1.0 0.41 ± 0.08 91.4 ± 2.1 96.7 ± 1.8

Fig. 5.2 A lumbar vertebrae segmentation example. Top
row: sagittal view. Bottom row: axial view. For both rows,
from left to right: the input image, the probability map, the

initial segmentation obtained from the affine atlas-target
registration-based label fusion, and the final results
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Fig. 5.3 Color-coded error distributions of two
segmented lumbar vertebral segments in com-
parison to the corresponding ground truth. In
each row, the left column shows the error bar;

the middle column shows the segmented lumbar
vertebral segment with color-coded error distribu-
tions; and the right column shows the ground truth
model

Figure 5.3 shows color-coded error distribu-
tions of two cases. Our automatic segmentation
when applied to the case shown in the top row
achieved a mean error of 0.47 mm and a 95
percentile error of 1.25 mm. For the case shown
in the bottom row, the achieved mean segmenta-
tion error was found to be 0.42 mm and the 95
percentile error was 1.13 mm.

5.4 Discussions and Conclusions

Previous atlas-based methods [17] where
nonrigid registration between atlases and
the target image is required, may not work

here considering the weak bone boundaries
and narrow inter-bone space of neighbor-
ing vertebrae. In this paper, we only need
to affinely register atlases with the tar-
get image, and the accurate segmentation
is then obtained by the bone-sheetness-
assisted multi-label grid cut which has ad-
ditional advantage of automatic separation
of the five lumbar vertebrae from each
other.

In conclusion, we proposed a method for au-
tomatic segmentation of lumbar vertebrae from
clinical CT images. The results obtained from the
LOO experiment demonstrated the efficacy of the
proposed approach.
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6Deep Learning-Based Automatic
Segmentation of the Proximal Femur
from MR Images

Guodong Zeng and Guoyan Zheng

Abstract

This chapter addresses the problem of seg-
mentation of proximal femur in 3D MR im-
ages. We propose a deeply supervised 3D U-
net-like fully convolutional network for seg-
mentation of proximal femur in 3D MR im-
ages. After training, our network can directly
map a whole volumetric data to its volume-
wise labels. Inspired by previous work, multi-
level deep supervision is designed to allevi-
ate the potential gradient vanishing problem
during training. It is also used together with
partial transfer learning to boost the training
efficiency when only small set of labeled train-
ing data are available. The present method was
validated on 20 3D MR images of femoroac-
etabular impingement patients. The experi-
mental results demonstrate the efficacy of the
present method.
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6.1 Introduction

Femoroacetabular Impingement (FAI) is a cause
of hip pain in adults and has been recognized
recently as one of the key risk factors that may
lead to the development of early cartilage and
labral damage [1] and a possible precursor of
hip osteoarthritis [2]. Several studies [2, 3] have
shown that the prevalence of FAI in young pop-
ulations with hip complaints is high. Although
there exist a number of imaging modalities that
can be used to diagnose and assess FAI, MR
imaging does not induce any dosage of radiation
at all and is regarded as the standard tool for
FAI diagnosis [4]. While manual analysis of a
series of 2D MR images is feasible, automated
segmentation of proximal femur in MR images
will greatly facilitate the applications of MR
images for FAI surgical planning and simulation.

The topic of automated MR image segmenta-
tion of the hip joint has been addressed by a few
studies which relied on atlas-based segmentation
[5], graph cut [6], active model [7,8], or statistical
shape models [9]. While these methods reported
encouraging results for bone segmentation, fur-
ther improvements are needed. For example, Are-
zoomand et al. [8] recently developed a 3D active
model framework for segmentation of proximal
femur in MR images, and they reported an aver-
age recall of 0.88.

© Springer Nature Singapore Pte Ltd. 2018
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Recently, machine learning-based methods,
especially those based on convolutional neural
networks (CNNs), have witnessed successful ap-
plications in natural image processing [10, 11] as
well as in medical image analysis [12–15]. For
example, Prasoon et al. [12] developed a method
to use a triplanar CNN that can autonomously
learn features from images for knee cartilage seg-
mentation. More recently, 3D volume-to-volume
segmentation networks were introduced, includ-
ing 3D U-Net [13], 3D V-Net [14], and a 3D
deeply supervised network [15].

In this chapter, we propose a deeply super-
vised 3D U-net-like fully convolutional network
(FCN) for segmentation of proximal femur in 3D
MR images. After training, our network can di-
rectly map a whole volumetric data to its volume-
wise label. Inspired by previous work [13, 15],
multi-level deep supervision is designed to allevi-
ate the potential gradient vanishing problem dur-
ing training. It is also used together with partial
transfer learning to boost the training efficiency
when only small set of labeled training data are
available.

6.2 Method

Figure 6.1 illustrates the architecture of our pro-
posed deeply supervised 3D U-net-like network.
Our proposed neural network is inspired by the
3D U-net [13]. Similar to 3D U-net, our network
also consists of two parts, i.e., the encoder part
(contracting path) and the decoder part (expan-
sive path). The encoder part focuses on analysis
and feature representation learning from the input
data, while the decoder part generates segmen-
tation results, relying on the learned features
from the encoder part. Shortcut connections are
established between layers of equal resolution in
the encoder and decoder paths. The difference
between our network and the 3D U-net is the in-
troduction of multi-level deep supervision, which
gives more feedback to help training during back
propagation process.

Previous studies show small convolutional
kernels are more beneficial for training and
performance. In our deeply supervised network,
all convolutional layers use kernel size of 3×3×3
and strides of 1, and all max pooling layers use

Fig. 6.1 Illustration of our proposed network architecture
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kernel size of 2 × 2 × 2 and strides of 2. In
the convolutional and deconvolutional blocks of
our network, batch normalization (BN) [16] and
rectified linear unit (ReLU) are adopted to speed
up the training and to enhance the gradient back
propagation.

6.2.1 Multi-level Deep Supervision

Training a deep neural network is challenging.
As the matter of gradient vanishing, final loss
cannot be efficiently back propagated to shallow
layers, which is more difficult for 3D cases when
only a small set of annotated data is available.
To address this issue, we inject two branch clas-
sifiers into network in addition to the classifier
of the main network. Specifically, we divide the
decoder path of our network into three different
levels: lower layers, middle layers, and upper
layers. Deconvolutional blocks are injected into
lower and middle layers such that the low-level
and middle-level features are upscaled to gener-
ate segmentation predictions with the same reso-
lution as the input data. As a result, besides the

classifier from the upper final layer (“UpperCls”
in Fig. 6.1), we also have two branch classifiers in
lower and middle layers (“LowerCls” and “Mid-
Cls” in Fig. 6.1, respectively). With the losses
calculated by the predictions from classifiers of
different layers, more effective gradient back
propagation can be achieved by direct supervi-
sion on the hidden layers.

Let W be the weights of main network and
wl, wm, wu be the weights of the three classifiers
“LowerCls,” “MidCls,” and “UpperCls,” respec-
tively. Then the cross-entropy loss function of a
classifier is:

Lc(χ;W, wc) =
∑

xi∈χ

− log p(yi = t (xi)|xi; W,wc))

(6.1)

where c ∈ {l, m, u} represents the index of the
classifiers; χ represents the training samples; and
p(yi = t (xi)|xi; W, wc) is the probability of
target class label t (xi) corresponding to sample
xi ∈ χ .

The total loss function of our deep-supervised
3D network is:

L(χ; W, wl, wm, wu) =
∑

c∈{l,m,u}
αcLc(χ; W, wc) + λ(ψ(W) +

∑

c∈{l,m,u}
ψ(wc)) (6.2)

where ψ() is the regularization term (L2 norm
in our experiment) with hyper-parameter λ;
αl, αm, αu are the weights of the associated
classifiers.

By doing this, classifiers in different layers
can also take advantages of multi-scale context,
which has been demonstrated in previous work
on segmentation of 3D liver CT and 3D heart
MR images [15]. This is based on the observation
that lower layers have smaller receptive fields,
while upper layers have larger receptive fields. As
a result, multi-scale context information can be
learned by our network which will then facilitate
the target segmentation in the test stage.

6.2.2 Partial Transfer Learning

It is difficult to train a deep neural network
from scratch because of limited annotated
data. Training deep neural network requires
large amount of annotated data, which are not
always available, although data augmentation
can partially address the problem. Furthermore,
randomly initialized parameters make it more
difficult to search for an optimal solution in high-
dimensional space. Transfer learning from an
existing network, which has been trained on a
large set of data, is a common way to alleviate
the difficulty. Usually the new dataset should be
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similar or related to the dataset and tasks used
in the pre-training stage. But for medical image
applications, it is difficult to find an off-the-shelf
3D model trained on a large set of related data of
related tasks.

Previous studies [17] demonstrated that
weights of lower layers in deep neural network
are generic, while higher layers are more related
to specific tasks. Thus, the encoder path of our
neural network can be transferred from models
pre-trained on a totally different dataset. In the
field of computer vision, lots of models are
trained on very large dataset, e.g., ImageNet [18],
VGG16 [19], GoogleNet [20], etc. Unfortunately,
most of these models were trained on 2D images.
3D pre-trained models that can be freely accessed
are rare in both computer vision and medical
image analysis fields.

C3D [21] is one of the few 3D models that
has been trained on a very large dataset in the
field of computer vision. More specifically, C3D
is trained on the Sports-1M dataset to learn spa-
tiotemporal features for action recognition. The
Sports-1M dataset consists of 1.1 million sports
videos, and each video belongs to one of 487
sports categories.

In our experiment, C3D pre-trained model was
adopted as the pre-trained model for the encoder
part of our neural network. For the decoder parts
of our neural network, they were randomly ini-
tialized.

6.2.3 Implementation Details

The proposed network was implemented in
Python using TensorFlow framework and trained
on a desktop with a 3.6 GHz Intel(R) i7 CPU and
a GTX 1080 Ti graphics card with 11GB GPU
memory.

6.3 Experiments and Results

6.3.1 Dataset and Preprocessing

We evaluated our method on a set of unilateral
hip joint data containing 20 T1-weighted MR
images of FAI patients. We randomly split the

dataset into two parts, ten images are for train-
ing and the other ten images are for testing.
Data augmentation was used to enlarge the train-
ing samples by rotating each image (90, 180,
270) degrees around the z-axis of the image and
flipped horizontally (y-axis). After that, we got in
total 80 images for training.

6.3.2 Training Patches Preparation

All sub-volume patches to our neural network are
in the size of 64×64×64. We randomly cropped
sub-volume patches from training samples whose
size are about 300 × 200 × 100. In the phase
of training, during every epoch, 80 training volu-
metric images were randomly shuffled. We then
randomly sampled patches with batch size 2 from
each volumetric image for n times (n = 5). Each
sampled patch was normalized as zero mean and
unit variance before fed into network.

6.3.3 Training

We trained two different models, one with partial
transfer learning and the other without. More
specifically, to train the model with partial trans-
fer learning, we initialized the weights of the
encoder part of the network from the pre-trained
C3D [21] model and the weights of other parts
from a Gaussian distribution(μ = 0, σ = 0.01).
In contrast, for the model without partial transfer
learning, all weights were initialized from Gaus-
sian distribution(μ = 0, σ = 0.01).

Each time, the model was trained for 14,000
iterations, and the weights were updated by the
stochastic gradient descent (SGD) algorithm
(momentum = 0.9, weight decay = 0.005). The
initial learning rate was 1 × 10−3 and halved
by 3000 every training iterations. The hyper-
parameters were chosen as follows: λ = 0.005,
αl = 0.33, αm = 0.67, and αu = 1.0.

6.3.4 Test and Evaluation

Our trained models can estimate labels of an
arbitrary-sized volumetric image. Given a test
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Table 6.1 Quantitative
evaluation results on
testing datasets ID

Surface distance (mm) Volume overlap measurement

Mean STD Hausdorff distance DICE Jaccard Precision Recall

Pat01 0.17 0.31 3.8 0.989 0.978 0.992 0.985

Pat02 0.27 0.46 5.3 0.986 0.973 0.985 0.987

Pat03 0.19 0.35 4.1 0.987 0.975 0.995 0.979

Pat04 0.23 0.67 13.0 0.987 0.974 0.992 0.982

Pat05 0.12 0.21 4.3 0.989 0.979 0.991 0.988

Pat06 0.14 0.26 4.5 0.990 0.980 0.995 0.985

Pat07 0.41 0.95 7.0 0.978 0.958 0.984 0.973

Pat08 0.39 0.93 5.2 0.981 0.963 0.994 0.968

Pat09 0.12 0.17 11.0 0.990 0.981 0.990 0.990

Pat10 0.15 0.28 5.3 0.988 0.976 0.991 0.984

Average 0.22 – 6.4 0.987 0.974 0.991 0.982

volumetric image, we extracted overlapped sub-
volume patches with the size of 64×64×64 and
fed them to the trained network to get prediction
probability maps. For the overlapped voxels, the
final probability maps would be the average of
the probability maps of the overlapped patches,
which were then used to derive the final segmen-
tation results. After that, we conducted morpho-
logical operations to remove isolated small vol-
umes and internal holes as there is only one femur
in each test data. When implemented with Python
using TensorFlow framework, our network took
about 2 min to process one volume with size of
300 × 200 × 100.

The segmented results were compared with
the associated ground truth segmentation which
was obtained via a semiautomatic segmentation
using the commercial software package called
Amira.1 Amira was also used to extract surface
models from the automatic segmentation results
and the ground truth segmentation. For each test
image, we then evaluated the distance between
the surface models extracted from different seg-
mentation as well as the volume overlap measure-
ments including Dice overlap coefficient [22],
Jaccard coefficient [22], precision, and recall.

1http://www.amira.com/

6.3.5 Results

Table 6.1 shows the segmentation results using
the model trained with partial transfer learning.
In comparison with manually annotated ground
truth data, our model achieved an average surface
distance of 0.22 mm, an average Dice coefficient
of 0.987, an average Jaccard index of 0.974,
an average precision of 0.991, and an average
recall of 0.982. Figure 6.2 shows a segmentation
example and the color-coded error distribution of
the segmented surface model.

We also compared the results achieved by
using the model with partial transfer learning
with the one without partial transfer learning. The
results are presented in Table 6.2, which clearly
demonstrate the effectiveness of the partial trans-
fer learning.

6.4 Conclusion

We have introduced a 3D U-net-like fully convo-
lutional network with multi-level deep supervi-
sion and successfully applied it to the challenging
task of automatic segmentation of proximal fe-
mur in MR images. Multi-level deep supervision

http://www.amira.com/
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Fig. 6.2 A segmentation example (left) and the color-coded error distribution of the surface errors (right)

Table 6.2 Comparison of the average results of the proposed network on the same test dataset when trained with and
without transfer learning

Learning method

Surface distance (mm) Volume overlap measurement

Mean STD Hausdorff distance DICE Jaccard Precision Recall

Without transfer learning 0.67 – 12.4 0.975 0.950 0.985 0.964

With transfer learning 0.22 – 6.4 0.987 0.974 0.991 0.982

and partial transfer learning were used in our
network to boost the training efficiency when
only small set of labeled 3D training data were
available. The experimental results demonstrated
the efficacy of the proposed network.
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7Muscle Segmentation for Orthopedic
Interventions

Naoki Kamiya

Abstract

Skeletal muscle segmentation techniques
can help orthopedic interventions in various
scenes. In this chapter, we describe two
methods of skeletal muscle segmentation on
3D CT images. The first method is based
on a computational anatomical model, and
the second method is a deep learning-based
method. The computational anatomy-based
methods are modeling the muscle shape with
its running and use it for segmentation. In
the deep learning-based methods, the muscle
regions are directly acquired automatically.
Both approaches can obtain muscle regions
including shape, area, volume, and some other
image texture features. And it is desirable
that the method be selected by the required
orthopedic intervention. Here, we show
each design philosophy and features of a
representative method. We discuss the various
examples of site-specific segmentation of
skeletal muscle in non-contrast images using
torso CT and whole-body CT including in
cervical, thoracoabdominal, surface and deep
muscles. And we also mention the possibility
of application to orthopedic intervention.

N. Kamiya (�)
Aichi Prefectural University, Nagakute, Japan
e-mail: n-kamiya@ist.aichi-pu.ac.jp

Keywords
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7.1 Introduction

Segmentation of skeletal muscle is an important
theme for orthopedic intervention. Because or-
thopedic surgery is targeted to locomotor appa-
ratus disease, skeletal systems such as bones and
joints and skeletal muscles surrounding it and the
nervous system that controls them are the main
treatment target. Given that this motor organ
relates to physical exercise and works in coopera-
tion with each other, even if just one of the motor
organs fails, problems arise in physical exercise.
Of course, multiple exercise organs may be dis-
rupted at the same time. Therefore, orthopedic
surgery consists of a number of specialized fields,
such as site, disease, and sports medicine, and it
covers a wide range of patients, including those
with trauma, congenital disease, and age-related
diseases. Exercise organs may be disturbed at the
same time. Therefore, in orthopedic surgery, it
consists of a number of specialized fields such as
site, disease, and sports medicine, and it covers
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a wide range of patients including traumatology,
congenital disease, and age-related diseases.

The skeletal muscle targeted in this chapter
is histologically a striated muscle, which con-
trasts with the smooth muscle of visceral organs.
Therefore, the segmentation problem on medical
images is often difficult to resolve whether using
automatic, semiautomatic, or manual methods.
Specifically, each tissue is imaged because of the
difference in the absorption amount of X-rays in
computed tomography (CT) and magnetic reso-
nance difference in MRI, so there is no extreme
difference in gray value between skeletal muscle
and visceral organ. Furthermore, skeletal muscle
exists in the whole body; its shape varies from
spindle muscle, feathered muscle, half-winged
muscle, and saw muscle, and at the same time,
individual differences are significant. Therefore,
the automatic segmentation of skeletal muscle in
medical images is an extremely difficult task. As
described above, the automatic segmentation of
skeletal muscle on medical images is a difficult
task, but it is very important. It is an aid to
surgical interventions.

Because skeletal muscles are distributed
throughout the whole body, it goes beyond
orthopedic interventions and is of interest in
general surgical interventions. In other words, it
is necessary to accurately understand the position
and amount of the muscle region before the
intervention. Recognition of the muscle region is
also required for the understanding, prevention,
and treatment of pathological conditions during
bone and muscle diseases. Furthermore, in
sports medicine, it is necessary to recognize not
only diseases but also the muscles of different
parts to understand posture-holding ability and
developmental characteristics. Thus, in clinical
practice, the site-specific segmentation of the
muscle to be observed is necessary as the
most basic technology. However, in the current
clinical situation, the segmentation of the site-
specific skeletal muscle is performed manually
or semiautomatically by a doctor.

The following section introduces our two
types of attempts at muscle segmentation
applicable to orthopedic interventions.

7.1.1 Computational
Anatomy-Based Skeletal
Muscle Segmentation

This section describes skeletal muscle seg-
mentation based on computational anatomy. In
the computational anatomical project [1], we
constructed a CT image database with quality
and quantity that can cover the diversity of the
human body, and we constructed a computational
anatomy model according to the target organ
and application purpose. In particular, automatic
recognition of anatomical structures from trunk
CT images based on a computed anatomical
model attempted an automatic recognition of
various human organs, and many achievements
were published [2]. For the skeletal muscle
described in this chapter, many site-specific
models were constructed and used for muscle
segmentation [3].

As mentioned above, the skeletal muscle of
the human body is greatly different among indi-
viduals as with organs. For example, it includes a
variety of diseases such as atrophy due to disease,
decreases due to age, increases by exercise and
training, and recovery due to rehabilitation.
Therefore, skeletal muscle modeling requires
mathematical representation of skeletal muscle
position, shape, and gray value distribution.

We achieved skeletal muscle segmentation
based on computational anatomy modeling of
skeletal muscle with the following steps. Figure
7.1 shows the outline of the construction of the
computational anatomy model of skeletal muscle
and the skeletal muscle segmentation method
using this model.

As shown in Fig. 7.1, in generating the
skeletal muscle model, various information on
the skeletal muscle is acquired using the training
data set. Here, the anatomical specialist manually
accumulates the origin and insertion coordinates
which are the anatomical attachment positions
of the skeletal muscle on the skeleton and at the
same time acquires the region information of the
skeletal muscle manually or semiautomatically
and uses it for model construction. Based on the
information regarding the positions, shapes, and
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Fig. 7.1 Outline of the computational anatomy model of the skeletal muscles and its application for the skeletal muscle
segmentation

gray value of the skeletal muscles in each part,
characteristic modeling unique to each muscle is
realized.

In the computational anatomy model project,
nine regions (surface muscle, sternocleidomas-
toid muscle, trapezius muscle, supraspinous mus-
cle, large pectoral muscle, intercostal muscle,
oblique abdominal muscle, and rectus abdomi-
nis muscle; deep muscle, psoas major muscle,
iliac muscle) of skeletal muscle modeling-based
segmentation were realized [3–6]. In the skele-
tal muscle segmentation process based on the
computational anatomy model, it is important
to apply the calculated anatomy model of the
skeletal muscle to test cases. In other words,
it is necessary to arrange the skeletal muscle
model in a test image, absorb the individual
difference as a difference from the model, and
segment the skeletal muscle region correctly. In
the test case to be recognized, as in skeletal
muscle modeling, we recognize the location of
the origin and insertion, which are features of
skeletal muscle, as landmarks (LMs), and we get

the running of skeletal muscle by connecting be-
tween landmarks. Then a skeletal muscle model
is placed on the running of the obtained muscle.
Since the skeletal muscle model only expresses
general features of muscles, fitting is performed
according to personal characteristics after being
placed. In the fitting process, the gray value and
the maximum diameter of the objective muscle
are acquired from the test image and used for
recognition as a fitting parameter.

The important point here is that in modeling
skeletal muscles and segmentation using models,
we treat the anatomical features of skeletal
muscle with three parameters: origin/insertion,
direction, and shape. Then, on the computer,
these parameters correspond to the feature point
(LM), the centerline, and the shape model,
respectively. Table 7.1 shows the correspondence
between anatomical features and computer
expression on skeletal muscle modeling. From
Table 7.1, each feature expresses one- to three-
dimensional information on skeletal muscle
features.
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Table 7.1 Correspondence between anatomical fea-
tures and expression on computer in skeletal muscle
modeling

Anatomical
feature

On the computer

Dot (1-D) Origin, insertion Landmarks (LMs)

Line (2-D) Muscle direction Centerline

Surface (3-D) Shape Shape model

The following shows a typical outcome of
the skeletal muscle segmentation based on our
skeletal muscle modeling. First, the segmenta-
tion of the iliopsoas muscle [7, 8], which is a
deep muscle, is shown in Fig. 7.2. The iliopsoas
muscle consists of the psoas major muscle and
the iliac muscle, modeling is performed for each
muscle part, and site-specific skeletal muscle
information is obtained. Since each muscle can
be anatomically treated as an iliac muscle, a
model combining two individual models is taken
as an iliopsoas model. By applying this lumbar
muscle complex model to the test case, the iliop-
soas region is segmented. In this modeling, this
is the key to how to automatically acquire the
landmark and how to model the muscle running
and the muscle shape shown in Table 7.1 as the
anatomical features. We approximate the outline
of the skeletal muscle using a quadratic function
and preliminarily define the gradient, which is
one of the parameters of the quadratic function,
as the muscle-specific shape parameter. Then the
value of the intercept, which is a parameter of the
remaining quadratic function, is dynamically cal-
culated in the segmentation process as a parame-
ter of individual difference, and a shape model
reflecting the individual difference is obtained.
Finally, it is placed on the centerline connect-
ing the origin and insertion LMs, which is the
anatomical definition, and the segmentation re-
sult of the muscle is obtained from the gray value.

The iliopsoas is a muscle involved in gait
function and posture maintenance. Its relation-
ship to decreasing age and lumbago has been
clarified, and it is also an important line in or-
thopedic intervention.

Next, the outline of surface muscle segmen-
tation is shown in Fig. 7.3. As shown in Fig.

7.3, we constructed a site-specific skeletal muscle
model for various surface muscles [2–6]. Surface
muscles have different distribution as well as
shape for each part. Furthermore, it has vari-
ous shapes as compared with the organ area.
Therefore, it is difficult to create an outer shape
model, and what is expressed as a model is
the key feature of the muscle features. We used
the position of the origin and insertion of the
muscle and the centerline connecting them to
model the surface muscle. Modeling is achieved
with the sternocleidomastoid muscle, trapezius
muscle, supraspinous muscle, intercostal mus-
cle, rectus abdominis muscle, oblique abdominal
muscle, and erector spinae muscle, acquisition of
landmarks based on anatomical definition, and
connection between landmarks. We simulated the
running of the muscle fibers with the centerline.
As a result, segmentation of skeletal muscle was
realized even in a region with a large number
of surrounding organ tissues and an abdominal
region lacking skeletal information which is im-
portant information of skeletal muscle.

Surface muscles, including body cavity areas,
the surface muscles present in the body surface
area, are the subjects to access bones and tendons
by orthopedic surgical procedures. Therefore, we
believe that performing skeletal muscle segmen-
tation helps orthopedic intervention.

We outlined the method of segmentation of
surface and deep muscles based on skeletal mus-
cle modeling using torso CT images that we
realized. Although this is a result using the torso
CT image, we believe that the same idea can be
applied to the MRI image. We also believe that
realization and advancement (accuracy, versatil-
ity, and processing speed) of automatic skele-
tal muscle segmentation by these computational
anatomy model will be the basic technology
for the advancement and efficiency improvement
of accumulation, analysis, and use of human
anatomical structure in the future. In fact, since
the skeletal muscle is present in the entire human
body to surround the organ and skeleton area, it
can also be used as preprocessing in computer-
aided diagnosis (CAD) and computer-assisted
surgery (CAS) system.
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Fig. 7.2 Segmentation of
deep muscle (iliopsoas)
based on computational
anatomy model

7.1.2 Deep Learning-Based Skeletal
Muscle Segmentation

Here we describe skeletal muscle segmentation
using machine learning. Segmentation using ma-
chine learning has been realized in the organ
region [9], but its method has not been suf-
ficiently verified in skeletal muscles, and it is
also necessary to study it in skeletal muscles
having complicated shape variations. We have
experimented on the erector spinae muscle [6],
which is a large muscle and which was difficult
to construct a conventional shape model. Figure
7.4 shows the architecture of FCN-8s we used
for testing. Here, in learning of three epochs,
ten cases were used for learning, and ten cases
were taken as test cases. As a result, the aver-
age agreement value was 82.8% (78.5% in the
conventional modeling-based method [10]), and
it is suggested that muscle segmentation by deep
learning may improve the recognition rate at the
region where it is difficult to generate a shape
model.

Figure 7.5 shows the recognition result of the
spinal column erector (coincidence ratio with

the ground truth image is 80.3%). In this figure
(right), the green region is a region coinciding
with the ground truth image. Similarly, the red
region is extracted excessively, and the blue color
is not extracted region. From these results, it is
possible to recognize a wide range of superficial
muscles with high accuracy, but it is understood
that the segmentation accuracy of the boundary
with the trapezius muscle overlapping with the
stratification is a future task.

Currently, various architectures are proposed
for segmentation task based on machine learning
in medical images. Especially, U-net has been
well known for its efficacy in the field of medical
image segmentation, where the decoder employs
a similar corresponding architecture of the en-
coder. Our group achieved automatic segmenta-
tion of multiple organs from torso CT images
using segmentation based on FCN and voting
principle [11]. In comparison of segmentation
methods based on FCN versus U-net, we ob-
tained results that FCN and voting-based meth-
ods are realistic methods for segmenting CT
images [12].
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Fig. 7.3 Segmentation of
surface muscles based on
computational anatomy
model

Thus, skeletal muscle segmentation using a
deep learning, despite ten cases and very little
training images, the streak across difficult ex-
tensive creation of a conventional shape model,
and a high matching rate without special tuning
it, was obtained. For example, Fig. 7.6 shows
a very noisy case, showing a small difference
in contrast between skeletal muscle and other
tissues. Blue is the correct region, yellow is the
over-extracted, and red is the unextracted region.
Although skeletal muscle segmentation by deep
learning has just begun, it can be thought of as a
powerful method of muscle segmentation. In the
next section, we will also refer to the future de-

velopment of skeletal muscle segmentation using
deep learning.

7.1.3 Futures on the Skeletal Muscle
Segmentation

Finally, we describe our recent skeletal mus-
cle segmentation approach. Of course, as al-
ready mentioned, it goes without saying that
the method using machine learning will be fur-
ther adopted in the future. However, considering
a clinical application, segmentation of skeletal
muscle needs to be considered from two aspects.
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Fig. 7.4 Architecture of erector spinae muscles segmentation based on deep CNN (K, kernel size; S, stride)

Fig. 7.5 Segmentation result of the erector spinae muscles using deep CNN (left, anterior side; center, dorsal side;
right, evaluation result (red, over-extracted; blue, unextracted; green, matched))
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Fig. 7.6 Skeletal muscle recognition using deep learning
in cases where skeletal muscle boundary is unclear (left,
original CT; center, model-based method; right, deep

CNN-based method (blue, matched; red, unextracted; yel-
low, over-extracted))

Fig. 7.7 Origin and insertion on the erector spinae
muscle

One is when skeletal muscle segmentation itself
has to mean. In other words, to perform surgical
assistance or mechanical intervention, it is suffi-
ciently valuable to accurately obtain the segmen-
tation area. Secondly, in the rehabilitation area
and sports medicine, it must be able to express
and explain exactly the relationship between the
origin and insertion of skeletal muscle and bone

Fig. 7.8 Recognition results with origin and insertion on
the erector spinae muscle

and skeletal muscle. Therefore, we worked on a
method to simultaneously present muscle region
and origin/insertion information to segmentation
result by learning not only segmentation result of
skeletal muscle but also the anatomical correla-
tion of skeletal muscle and bone in deep learn-
ing. Figure 7.7 shows the origin and insertion
positions attached to the erector spinae muscles.
Figure 7.8 shows a cross section of the result
of learning on only the right side of Fig. 7.7.
Compared to the contralateral side, it can be
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Fig. 7.9 Segmentation results in whole-body CT images

confirmed that, in addition to the muscle recog-
nition result, information on skeletal muscle and
bone attachment part is also shown. As a result,
in the segmentation of skeletal muscle in deep
learning, there is the possibility that origin and
insertion information important to the anatomy of
skeletal muscle, which is information that cannot
be obtained by the conventional model-based
method, can be recognized at once. This result
can be applied to the rehabilitation of skeletal
muscle segmentation using deep learning and is
applicable to sports medicine.

We also performed skeletal muscle segmenta-
tion using whole-body CT images [6, 13] to mea-
sure the muscle volume of the skeletal muscle re-
gion of the whole body excluding the body cavity
region. Figure 7.9 shows the results of automatic
recognition of skeletal muscle in whole-body CT
images.

Whole-body CT images are used as part of
the diagnosis of amyotrophic lateral sclerosis,
which is an intractable disease. Therefore, we
use the segmentation result of skeletal muscle
to analyze the difference of skeletal muscle fea-
tures in amyotrophic lateral sclerosis cases and
diseases accompanied by other muscular atro-
phy cases [14]. At present, we analyze the left
and right difference of recognized muscle and
texture analysis. Figure 7.10 shows an example
of segmental analysis of skeletal muscle on the
whole-body CT image recognized in Fig. 7.9.
We segmented the whole body into 22 areas and
analyzed whether there is a difference in texture
features between ALS cases and other muscle
disease groups with atrophy. Using 36 cases,
the initial result that there are differences be-
tween ALS and other atrophic myopathies in five
texture features (information measures of cor-
relation 2, contrast, inverse difference moment,
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Fig. 7.10 Segmental
analysis of the skeletal
muscle in whole-body CT
images

correlation, difference variance) was obtained.
Figure 7.11 shows the difference between the
feature quantities of the ALS group and the mus-
cle atrophy group of the texture feature quantity
IMC2 in the upper arm. The result is that the
number of cases is still small and it is necessary
to further analyze the disease group such as neu-
rogenic diseases and myogenic diseases. How-
ever, it is suggested that image feature analysis
using skeletal muscle segmentation results may
be one candidate for discrimination of diseases
between atrophic myopathies.

7.1.4 Conclusion

As described above, here we show our research
on surface muscle and deep muscle for skeletal

muscle segmentation for orthopedic intervention.
The features based on the computational anatomy
model and the deep learning-based method are
shown, and selection of each method is required
depending on the target muscle at orthopedic
intervention. From now on, it is expected that it
will be advanced from both the computational
anatomical model and the deep learning, and
at the same time, it will be expected to add a
differentiation of intractable diseases as one of
the clinical applications of the skeletal muscle
segmentation.
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Fig. 7.11 Result of texture feature analysis in upper limb
using segmented muscle regions
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Abstract

This chapter introduces a solution called ”3X-
knee” that can robustly derive 3D models of
the lower extremity from 2D long leg standing
X-ray radiographs for preoperative planning
and postoperative treatment evaluation of total
knee arthroplasty (TKA). There are three
core components in 3X-knee technology:
(1) a knee joint immobilization apparatus,
(2) an X-ray image calibration phantom,
and (3) a statistical shape model-based 2D-
3D reconstruction algorithm. These three
components are integrated in a systematic
way in 3X-knee to derive 3D models of
the complete lower extremity from 2D long
leg standing X-ray radiographs acquired in
weight-bearing position. More specifically,
the knee joint immobilization apparatus will
be used to rigidly fix the X-ray calibration
phantom with respect to the underlying
anatomy during the image acquisition.
The calibration phantom then serves two
purposes. For one side, the phantom
will allow one to calibrate the projection
parameters of any acquired X-ray image.
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For the other side, the phantom also allows
one to track positions of multiple X-ray im-
ages of the underlying anatomy without using
any additional positional tracker, which is a
prerequisite condition for the third component
to compute patient-specific 3D models from
2D X-ray images and the associated statistical
shape models. Validation studies conducted on
both simulated X-ray images and on patients’
X-ray data demonstrate the efficacy of the
present solution.

Keywords

Total knee arthroplasty (TKA) · Planning ·
Treatment evaluation · 2D-3D
reconstruction · X-ray image calibration ·
Statistical shape model

8.1 Introduction

Total knee arthroplasty (TKA) is regarded as
one of the most successful orthopedic procedures
[1, 2]. TKA can relieve pain and improve knee
function. The reported survival rates are greater
than 90% after 15 years [1,2]. Although there are
many factors influencing the success of TKA, it
is generally agreed that it is important to choose
appropriate sizes of the femoral and tibial com-
ponents and to position them accurately. Thus,
it is important to develop new technologies to
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plan TKA precisely and to measure the outcome
accurately.

The importance of preoperative planning
should not be underestimated. Successful
preoperative planning can prevent the use
of undersized and oversized knee implants,
while inadequate preoperative planning may
lead to various complications including aseptic
loosening, instability, polyethylene wear, and
dislocation of the patella [3]. Radiographs are
usually used for preoperative planning in TKA.
More specifically, a full-length anteroposterior
(AP) radiograph is used to determine the mechan-
ical and anatomical axes, and lateral radiographs
are used to define component sizes and the
anatomical axis. In order to measure the rational
alignment, 2D CT slice-based approaches were
developed [4], where the rotational alignment of
the femoral component is determined by mea-
suring the angle between the transepicondylar
axis and the posterior condylar line. These 2D
approaches have the advantages that they are
useful and do not require much time or special
techniques. Additionally, preoperative planning
also provides the surgeon with a tool to ascertain
that the correct prosthetic component sizes are
available and can be of assistance in logistic and
stock management for the operating theaters.

In the past, both digital and analogue
radiography-based preoperative planning
systems have been introduced into the market.
However, the reported accuracy for these
systems varies. Kobayashi et al. [5] conducted
a study to compare the accuracy of preoperative
templating in TKA using conventional 2D and
CT-based 3D procedures. They found that the 3D
procedure was more accurate (59%) than the 2D
procedure (56%) in predicting implant size, but
the difference was not statistically significant.
Trickett et al. [6] investigated the reliability
and accuracy of digital templating in THA and
reported an accuracy of 48% for predicting the
size of femoral component and an accuracy of
55% in predicting the size of tibial component.
Recently, Ettinger et al. [7] conducted another
study to compare 2D versus 3D templating in
TKA of 94 patients. They reported that the
femoral and tibial 2D digital templating in

predicting the correct implant size varied from
43.6% to 59.5% and 52.1% to 68% of the cases
when three examiners with different experiences
conducted the digital templating. Apart from
the implant size, malrotation of femoral and/or
tibial component is another important factors
leading to revision of TKA. Okamoto et al.
[8] reported that 2D planning could result in
internal rotation of the femoral component in
TKA. The significant differences between 2D
and 3D techniques are attributed to the following
factors: (1) measurement using radiographs are
affected by limb position and deformities as well
as radiograph magnification and (b) 2D CT slices
are affected by the orientation of the patient’s
legs during the scan.

In comparison with 2D planning, CT-based
3D planning of TKA offers several advantages
[5, 7–9] such as avoiding errors resulting from
magnification and incorrect patient positioning,
providing true 3D depiction of the underlying
anatomy, and offering accurate information on
bone quality. Several studies have demonstrated
that 3D CT-based preoperative planning of TKA
are more accurate than 2D radiograph-based pre-
operative planning [7–9].

The situation for the postoperative measure-
ments remains the same. AP and lateral-medial
(LM) weight-bearing long leg standing radio-
graphs are frequently used to measure prosthesis
alignment after TKA. AP long leg standing radio-
graph are usually used to assess the valgus/varus
alignment in the coronal plane while the assess-
ment of flexion/extension alignment is conducted
in the LM long leg standing radiograph, though
the measured values are subject to rotation and
magnification errors [10]. Thus, the spatial po-
sitioning of a TKA component can only be pre-
cisely described with use of a 3D CT, where
evaluating the position of the femoral component
in reference to the femur (from the hip to the knee
center) is separately done from the evaluation of
the position of the tibial component in reference
to the tibia (from the knee to the ankle center).
For this purpose, special CT imaging protocols
were developed [11, 12], which usually involve
the acquisition of 3D CT volumes around hip,
knee, and angle joints.
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CT-/MRI-based approaches to derive three-
dimensional (3D) models for preoperative
planning and postoperative treatment evaluation
of TKA, however, suffer from the disadvantages
that they are expensive and/or induce high-
radiation doses to the patient. An alternative
is to reconstruct surface models from two-
dimensional (2D) X-ray or C-arm images.
Although single X-ray or C-arm image-based
solutions have been presented before for
certain specific applications [13, 14], it is
generally agreed that in order to achieve an
accurate surface model reconstruction, two or
more images are needed. For this purpose,
one has to solve three related problems,
i.e., patient tracking/immobilization, image
calibration, and 2D-3D reconstruction. De-
pending on the applications, different solutions
have been presented before, which will be
reviewed below.

Patient tracking/immobilization means to es-
tablish a coordinate system on the underlying
anatomy and to co-register the acquired multiple
images with respect to this common coordinate
system. In the literature, both external positional
tracker-based solutions and calibration phantom-
based solutions have been introduced [15–20].
The methods in the former categories usually re-
quire a rigid fixation of the so-called dynamic ref-
erence base (DRB) onto the underlying anatomy,
whose position can be tracked in real time by
using an external positional tracker [15–17]. In
contrast, the methods in the latter categories
eliminate the requirement of using an external
positional tracker [18–20]. In such a method, the
calibration phantom itself acts as a positional
tracker, which requires the maintenance of a rigid
relationship between the calibration phantom and
the underlying anatomy during image acquisi-
tion. Although not mentioned in the context of
2D-3D reconstruction, immobilization solutions
[21, 22] have been developed before to maintain
such a rigid fixation.

The second related problem is image calibra-
tion, which means to determine the intrinsic and
extrinsic parameters of an acquired image. The
image is usually calibrated with respect to the
common coordinate system established on the

underlying anatomy. When an external positional
tracker is used, this means the coordinate system
established on the DRB [15–17]. When a cali-
bration phantom acts as a positional tracker, this
usually means a coordinate system established
on the phantom itself [18, 20]. Another issue
is how to model the X-ray projection, which
determines the way how the imaging parameters
are calculated. No matter what kind of model is
used, a prerequisite condition before the imag-
ing parameters can be calculated is to establish
correspondences between the 3D fiducials on
the calibration phantom and their associated 2D
projections.

The third problem is related with the methods
used to compute 3D models from 2D-calibrated
X-ray images. The available techniques can be
divided into two categories: those based on one
generic model [23, 24] and those based on sta-
tistical shape and/or appearance models (SSM)
[25–28]. The methods in the former categories
derive a patient-specific 3D model by deforming
a generic model while the SSM-based meth-
ods use a SSM to produce only the statistically
likely types of models and to reduce the num-
ber of parameters to optimize. Hybrid methods,
which combine the SSM-based methods with the
generic model-based methods, have also been
introduced. For example, Zheng et al. [29] pre-
sented a method that combines SSM-based in-
stantiation with thin-plate spline-based deforma-
tion.

The contribution of this chapter is a novel
technology called ”3X-knee” that can robustly
derive 3D models of the lower extremity from
2D long leg standing X-ray radiographs. We are
aiming to develop a solution that will address
all three problems as we mentioned above. 3X-
knee, as an integrated solution, consists of three
core components: (1) a knee joint immobilization
apparatus, (2) an X-ray image calibration phan-
tom, and (3) a statistical shape model-based 2D-
3D reconstruction algorithm. These three com-
ponents are integrated in a systematic way in
3X-knee to derive 3D models of the complete
lower extremity from 2D long leg standing X-ray
radiographs acquired in weight-bearing position.
More specifically, the knee joint immobilization
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apparatus will be used to rigidly fix the X-ray cal-
ibration phantom with respect to the underlying
anatomy during the image acquisition. The cal-
ibration phantom then serves for two purposes.
For one side, the phantom will allow one to cali-
brate the projection parameters of any acquired
X-ray image. For the other side, the phantom
also allows one to track positions of multiple X-
ray images of the underlying anatomy without
using any additional positional tracker, which is
a prerequisite condition for the third component
to compute patient-specific 3D models from 2D
X-ray images and the associated statistical shape
models.

The chapter is organized as follows.
Section 8.2 presents the materials and methods.
Section 8.3 describes the experimental results,
followed by discussions and conclusions in
Sect. 8.4.

8.2 Material and Methods

A schematic view of the complete pipeline of
the present method is shown in Fig. 8.1. It starts

with the immobilization of the image calibration
phantom with respect to the underlying anatomy
(both femur and tibia), followed by patient track-
ing and calibration of each acquired image, and
ended by computing patient-specific 3D mod-
els from the calibration X-ray images. Below a
detailed description about each component will
be given.

8.2.1 Immobilization

It is important to maintain the rigid relationship
between the calibration phantom and the under-
lying anatomy. Without such a fixed relationship,
the relative movement between the calibration
phantom and the underlying anatomy will lead
to inconsistent correspondences between the pro-
jections of the same anatomical features in dif-
ferent images such that a reconstruction of the
3D models of the underlying anatomy will not
be able to achieve. When multiple anatomical
structures around a joint are involved, such as the
situation when one would like to derive 3D mod-
els of the complete extremity, all the involved

Fig. 8.1 A schematic view of the present invention. From left to right: immobilization, patient tracking and image
calibration, and 3D model generation
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Fig. 8.2 The immobilization device when applied to the knee joint. It is a two-layer construction with force
enhancement mechanism

anatomical structures around a joint have to be
maintained rigidly with respect to the image cal-
ibration phantom throughout the complete image
acquisition procedure. Thus, due to the mobility
of a joint, the conventional way of using a belt or
a jacket to fix the calibration phantom to a patient
cannot guarantee no relative movement between
the calibration jacket and the underlying anatomy
during the image acquisition.

In this paper we developed a new way of
immobilizing all the involved anatomical struc-
tures as well as the calibration phantom. Our
immobilization device is a two-layer construc-
tion. See Fig. 8.2 for a prototype. The inner layer
comprises a bag filled with a granular material
with an encapsulated shell to which the bag is
mounted. Furthermore, between the encapsulated
shell and the bag, a hollow space is formed
for receiving pressured air in order to produce
a force on the bag to immobilize a knee joint.
The inner layer is then further enhanced with the
introduction of an outer layer of hard shell which
can add further force to the inner layer fixation
with four force enhancement clips, a mechanism

that has been widely used in designing ski boots.
A second purpose of the outer layer of hard shell
is to rigidly carry the image calibration phantom
such that all the involved underlying anatomical
structures can be maintained rigidly with respect
to the calibration phantom.

8.2.2 Patient Tracking and Image
Calibration

The aim of the X-ray image calibration is to
compute both the intrinsic and the extrinsic pa-
rameters of an acquired image. This is achieved
by developing a mobile phantom as shown in
Fig. 8.3. There is a total of 16 sphere-shaped
fiducials embedded in this phantom: 7 big fidu-
cials with diameter of 8.0 mm and 9 small fidu-
cials with diameter of 5.0 mm. The 16 fiducials
are arranged in three different planes: all 7 big
fiducials are placed in one plane and the rest 9
small fiducials distributed in other two planes.
Furthermore, the seven big fiducials are arranged
to form three line patterns as shown in Fig. 8.3,
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Fig. 8.3 The calibration phantom attached on the outer layer of our immobilization device. The calibration phantom
is designed for both patient tracking and image calibration

left. Every line pattern consists of three fiducials
{M1

i , M2
i , M3

i }, i = 1, 2, 3 with different ratios
{ri = |M1

i M2
i |/|M2

i M3
i |}. The exact ratio for

each line is used below to identify which line
pattern has been successfully detected.

After an X-ray image is acquired, we first
extract the subregion containing the phantom
projection. We then apply a sequence of image
processing operations to the image. As those
fiducials are made from steel, a simple threshold-
based method is first used to segment the image.
Connected component labeling is then applied to
the binary image to extract a set of separated
regions. Morphology analysis is further applied
to each label connected component to extract
two types of regions: candidate regions from big
fiducial projections and candidate regions from
small fiducial projections. The centers of these
candidate regions are regarded as projections of
the center of a potential fiducial. Due to back-
ground clutter, it is possible that some of the
candidate projections are outliers and that we
may miss some of the true fiducial projections.

Furthermore, to calculate both the intrinsic and
the extrinsic parameters, we have to detect the
phantom in the image. Here phantom detection
means to establish the correspondences between
the detected 2D fiducial projection centers and
their associated 3D coordinates in the local coor-
dinate system of the phantom. For this purpose,
a robust simulation-based method as follows is
proposed. The precondition to use this method
to build the correspondences is that one of the
three line patterns has been successfully detected.
Due to the fact that these line patterns are defined
by big fiducials, chance of missing all three line
patterns is rare.

We model the X-ray projection using a pinhole
camera.

α[Ix, Iy, 1]T=K(R[x, y, z]T + T)= P[x, y, z, 1]T
(8.1)

where α is the scaling factor, K is the intrinsic
calibration matrix, and R and T are the ex-
trinsic rotation matrix and translational vector,
respectively. Both the intrinsic and the extrinsic
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projection parameters can be combined into a 3-
by-4 projection matrix P in the local coordinate
system established on the mobile phantom.

The idea behind the simulation-based method
is to do a pre-calibration to compute both the
intrinsic matrix K and the extrinsic parameters
R0 and T0 of the X-ray image acquired in a
reference position. Then, assuming that the in-
trinsic matrix K is not changed from one image to
another (we only use this assumption for building
the correspondences), the projection of an X-ray
image acquired at any other position with respect
to the phantom can be expressed as

α[Ix, Iy, 1]T=K(R0(RxRyRz[x, y, z]T+T)+T0)

(8.2)

where Rx , Ry , Rz, and T are the rotation matrices
around three axes (assuming the z-axis is in
parallel with the view direction of the calibration
phantom at the reference position, see the middle
column of Fig. 8.3 for details) and the translation
vector from an arbitrary acquisition position to
the reference position, respectively, expressed in
the local coordinate of the mobile phantom. To
detect the phantom projection when an image is
acquired in a new position, the simulation-based
method consists of two steps.

Image normalization The purpose of this step
is to remove the influence of the parameters Rz,
α, and T on the phantom detection by normal-
izing the image acquired at the new position as
follows. Assuming that we know the correspon-
dences of fiducials on one line pattern, which is
defined by three landmarks M1, M2, and M3 with
their correspondent projections at IM1, IM2, and
IM3, we can define a 2D coordinate system based
on IM1, IM2, and IM3, whose origin O is lo-
cated at (IM1 + IM2)/2 and the x-axis is defined
along the direction O → IM3. Accordingly a 2D
affine transformation Tnormalize can be computed
to transform this line pattern-based coordinate
system to a standard 2D coordinate system with
its origin at (0, 0) and x-axis along direction
(1, 0) and at the same time to normalize the
length of the vector IM1 → IM3 to 1. By
applying Tnormalize to all the fiducial projections,

it can be observed that for a pair of fixed Rx

and Ry , we can get the same normalized image
no matter how the other parameters Rz, α, and
T are changed because the influence of these
parameters is just to translate, rotate, and scale
the fiducial projections, which can be compen-
sated by the normalization operation. Therefore,
the fiducial projections after the normalization
will only depend on the rotational matrices Rx

and Ry .

Normalized image-based correspondence es-
tablishment Since the distribution of the fidu-
cial projections in the normalized image only
depends on the rotation matrices Rx and Ry , it is
natural to build a look-up table which up to a cer-
tain precision (e.g., 1◦) contains all the normal-
ized fiducial projections with different combina-
tion of Rx and Ry . This is done off-line by sim-
ulating the projection operation using Eq. (8.1)
based on the pre-calibrated projection model of
the X-ray machine at the reference position. For
an image acquired at position other than the
reference, we apply the normalization operation
as described above to all the detected candidate
fiducial projections. The normalized candidate
fiducial projections are then compared to those
in the look-up table to find the best match. Since
the items in the look-up table are generated by
a simulation procedure, we know exactly the
correspondence between the 2D fiducial projec-
tions and their corresponding 3D coordinates.
Therefore, we can establish the correspondences
between the candidate fiducial projections and
the fiducials embedded in the phantom.

Once the correspondences are established, we
can further fine-tune the fiducial projection loca-
tion by applying a cross-correlation-based tem-
plate matching. After that, the direct linear trans-
formation algorithm [30] is used to compute the
projection matrix P.

8.2.3 2D-3D Reconstruction

After image calibration, we independently match
the femoral and the tibial SSMs with the in-
put X-ray images. The 2D-3D reconstruction
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algorithm as introduced in [29] is used for recon-
structing both femoral and tibial models.

8.3 Experimental Setup

After local institution review board (IRB) ap-
proval, we conducted two studies to validate the
efficacy of the present method, with one based
on simulated X-ray images and the other based
on clinical X-ray images.

CT data of 12 cadavers (24 legs) were used
in the first study. For each leg, two digitally
reconstructed radiographs (DRRs), one from the
anteroposterior (AP) direction and the other from
the later-medial (LM) direction, were generated
and used as the input to the iLeg software. In
generating the DRRs, we set the distance from
the focal point to film as 2000 mm and the pixel
resolution in the range of 0.20 to 0.25 mm. The
purpose of the first study was designed to val-
idate the accuracy of the 2D-3D reconstruction
algorithm when applied to reconstruction of 3D
models of the complete lower extremity. Thus,
for each leg, the two DRRs were used as the
input to the 2D-3D reconstruction algorithm to
derive patient-specific 3D models of the leg. In
order to evaluate the 2D-3D reconstruction ac-
curacy, we conducted a semiautomatic segmen-
tation of all CT data using the commercial soft-
ware Amira (Amira 5.2, FEI Corporate, Oregon,

USA). The reconstructed surface models of each
leg were then compared with the surface models
segmented from the associated CT data. Since
the DRRs were generated from the associated
CT data, the surface models were reconstructed
in the local coordinate system of the CT data.
Thus, we can directly compare the reconstructed
surface models with the surface models seg-
mented from the associated CT data, which we
took as the ground truth. Again, we used the
software Amira to compute distances from each
vertex on the reconstructed surface models to the
associated ground truth models.

The full leg 2D-3D reconstruction validation
results of 24 legs are shown in Table 8.1. When
the reconstructed models were compared with
the surface models segmented from the associ-
ated CT data, a mean reconstruction accuracy
of 1.07 ± 0.19, 1.05 ± 0.23, 1.07 ± 0.21, and
1.07 ± 0.19 mm was found for left femur, right
femur, left tibia, and right tibia, respectively.
When looking into the reconstruction of each
subject, we found an average reconstruction ac-
curacy in the range of 0.8 to 1.3 mm. Over-
all, the reconstruction accuracy was found to be
1.06 ± 0.20 mm. Figure 8.4 shows an example
of comparison of reconstructed surface models
(gray solid) with the surface models segmented
from the associated CT data (red transparent).

The second study was evaluated on 23 patients
for preoperative planning. All the patients under-

Table 8.1 Full leg 2D-3D
reconstruction accuracy
(mm)

Femur Tibia

Subject Left Right Left Right Average

#1 1.5 1.2 1.1 1.1 1.2

#2 1.0 1.0 1.0 0.9 1.0

#3 0.9 0.8 1.1 0.8 0.9

#4 1.2 1.3 1.1 1.2 1.2

#5 1.2 1.4 0.7 0.9 1.1

#6 1.0 1.1 1.4 1.2 1.2

#7 1.0 1.3 0.9 0.9 1.0

#8 1.0 0.9 0.8 1.0 0.9

#9 1.2 1.2 1.3 1.4 1.3

#10 1.1 0.9 1.3 1.3 1.2

#11 0.8 0.7 0.9 0.9 0.8

#12 0.9 0.8 1.2 1.2 1.0

Overall 1.1 1.1 1.1 1.1 1.06 ± 0.20
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Fig. 8.4 Comparison of reconstructed surface models (gray solid) with the surface models segmented from the
associated CT data (red transparent). Top, AP view; bottom, LM view

Table 8.2 Absolute
differences between
preoperative planning
parameters measured from
3D CT-based method and
3X technique

Femoral parameters 3D CT 3X Differences

AMA (◦) 5.73 (3.65–7.72) 5.84 (3.66–8.30) 0.24 ± 0.19

NSA (◦) 123.98 (113.38–135.05) 125.41 (118.4–136.3) 1.98 ± 1.85

mLDFA (◦) 93.19 (85.54–99.87) 92.84 (83.13–98.99) 0.91 ± 0.89

Tibial parameters 3D CT 3X Differences

MPTA (◦) 89.01 (84.49–92.22) 87.82 (84.91–94.81) 2.62 ± 1.68

Slope (◦) 91.52 (84.13–98.46) 92.80 (87.91–96.79) 2.86 ± 2.08

went a CT scan according to a standard protocol
[31]. Image acquisition consisted of three sep-
arate short spiral axial scans: (1) ipsilateral hip
joint, (2) affected knee joint, and (3) ipsilateral
ankle joint. Additionally, two long leg standing
X-ray images were acquired for each affected leg
and were used as the input to 3X technology to
derive patient-specific models of the leg. Cor-
responding morphological parameters measured
from 3D CT data were regarded as the ground
truth in order to evaluate the accuracy of 3X tech-
nology. The following morphological parameters
which are important for planning femoral com-
ponent are measured: (a) anatomical-mechanical
angle (AMA), which is defined as the angle
between the anatomic and mechanical axis; (b)
neck-shaft angle (NSA), which is defined as the
medial angle between the shaft axis and the neck
axis; and (c) mechanical lateral distal femoral
angle (mLDFA), which is defined as the lateral
angle between the anatomical axis and the distal
femoral knee joint orientation line. Similarly, we
measured the following morphological parame-
ters for planning tibial components:

(a) Medial proximal tibial angle (MPTA), which
is defined as the medial angle between the
mechanical axis and the proximal tibial knee
orientation line. The mechanical axis is cre-

ated with tibial plateau center and the distal
tibia center while the proximal tibial knee
orientation line is the line which intersects
medical and lateral tibial plateau.

(b) Posterior tibial slope, which is defined as the
posterior angle between the mechanical axis
and the medial plateau axis. Table 8.2 shows
the differences between preoperative planning
angular parameters measured from 3D CT-
based method and 3X technique. Absolute dif-
ferences for all angular parameters are smaller
than 3◦, which is regarded accurate enough for
clinical applications [32].

It was found that the immobilization device
mounting time ranged from 1 to 5 min and there
was no device loosing. All 2D-3D reconstruc-
tions were successful. Figure 8.5 shows a recon-
struction example.

8.4 Discussions and Conclusions

In this paper, we presented a novel technology
called 3X-knee to address three challenges in
deriving 3D patient-specific models of the lower
extremity from 2D long leg standing X-ray ra-
diographs, i.e., patient tracking/immobilization,
image calibration, and 2D-3D reconstruction.
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Fig. 8.5 An example of reconstructing patient-specific 3D models of the lower extremity from 2D X-ray images

Although there exist a large number of work
addressing either one of the three problems,
there is only few work targeting for solving all
three problems. Chriet et al. [19] proposed to
use a calibration jacket-based solution for the 3D
reconstruction of the human spine and rib cage
from biplanar X-ray images. However, only using
a calibration jacket is hard to prevent the relative
movement between the calibration jacket and the
underlying anatomy during image acquisition.
An alternative solution is to develop a specialized
X-ray imaging device, as exemplified by the
development of the EOS imaging system [33],
where two images are simultaneously acquired,
thus eliminating the requirement of patient
tracking. However, due to the relative high
acquisition and maintenance costs, the EOS
imaging system at this moment is only available
in a few big clinical centers and is not widely
available.

Acknowledgements This chapter was modified from the
paper published by our group in the 7th International
conference on Medical Imaging and Augmented Reality
(MIAR 2016) (Zheng et al., MIAR2016: 404–414). The
related contents were reused with the permission.

References

1. Rodricks D, Patil S, Pulido P, Colwell C (2007) Press-
fit condylar design total knee arthroplasty. fourteen
to seventeen-year follow-up. J Bone Joint Surg Am
89:89–95

2. Vessely M, Whaley A, Harmsen W, Schleck C, Berry
D (2006) The Chitranjan Ranawat award: long-term
survivorship and failure modes of 1000 cemented
condylar total knee arthroplasties. Clin Orthop Relat
Res 452:28–34

3. Kim Y, Park J, Kim J, Park S (2014) The relationship
between the survival of total knee arthroplasty and
postoperative coronal, sagittal and rotational align-
ment of knee prosthesis. Int Ortho 38:379–385

4. Hirschmann M, Konala P, Amsler F, Iranpour F,
Friederich N, Cobb J (2011) The position and ori-
entation of total knee replacement components: a
comparison of conventional radiographs, transverse
2D-CT slices and 3D-CT reconstruction. J Bone Joint
Surg Br 93:629–633

5. Kobayashi A, Ishii Y, Takeda M, Noguchi H, Higuchi
H, Toyabe S (2012) Comparison of analog 2D and
digital 3D preoperative templating for predicting im-
plant size in total knee arthroplasty. Comput Aided
Surg 17:96–101

6. Trickett R, Hodgson P, Forster M, Robertson A
(2009) The reliability and accuracy of digital tem-
plating in total knee replacement. J Bone Joint Surg
Br 91(8):903–906



8 3X-Knee: A Novel Technology for 3D Preoperative Planning and Postoperative. . . 103

7. Ettinger M, Claassen L, Paes P, Calliess T (2016) 2D
versus 3D templating in total knee arthroplasty. Knee
23:149–151

8. Okamoto S, Mizu-uchi H, Okazaki K, Hamai S,
Tashiro Y, Nakahara H, Iwamoto Y (2016) Two-
dimensional planning can result in internal rotation
of the femoral component in total knee arthroplasty.
Knee Surg Sports Traumatol Arthrosc 24:229–235

9. De Valk E, Noorduyn J, Mutsaerts E (2016) How
to assess femoral and tibial component rotation after
total knee arthroplasty with computed tomography:
a systematic review. Knee Surg Sports Traumatol
Arthrosc 24:3517–3528

10. Bäthis H, Perlick L, Tingart M, Lü ring C, Zu-
rakowski D, Grifka J (2004) Alignment in total
knee arthroplasty: a comparison of computer-assisted
surgery with the conventional technique. J Bone Joint
Surg Br 86:682–687

11. Henckel J, Richards R, Lozhkin K, Harris S, Ro-
driguez y Baena F, Barrett A, Cobb J (2006) Very
low-dose computed tomography for planning and
outcome measurement in knee replacement. The im-
perial knee protocol. J Bone Joint Surg Br 88:1513–
1518

12. Matziolis G, Krocker D, Weiss U, Tohtz S, Perka C
(2007) A prospective, randomized study of computer-
assisted and conventional total knee arthroplasty.
three-dimensional evaluation of implant alignment
and rotation. J Bone Joint Surg Am 89:236–243

13. Novosad J, Cheriet F, Petit Y, Labelle H (2004)
Three-dimensional 3-D reconstruction of the spine
from a single x-ray image and prior vertebra models.
IEEE Trans Biomed Eng 51(9):1628–1639

14. Zheng G (2000) Statistically deformable 2D/3D reg-
istration for estimating post-operative cup orientation
from a single standard AP X-ray radiograph. Ann
Biomed Eng 38(9):2910–2927

15. Yaniv Z, Joskowicz L, Simkin A, Garza-Jinich M,
Milgrom C (1998) Fluoroscopic image processing for
computer-aided orthopaedic surgery. In: Proceedings
of the MICCAI 1998, pp 325–334

16. Hofstetter R, Slomczykowski M, Sati M, Nolte
LP (1999) Fluoroscopy as an imaging means
for computer-assisted surgical navigation. Comput
Aided Surg 4(2):65–76

17. Livyatan H, YanivL Z, Joskowicz L (2002) Robust
automatic C-Arm calibration for fluoroscopy-based
navigation: a practical approach. In: Proceedings of
the MICCAI 2002, pp 60–68

18. Jain A, Fichtinger G (2006) C-arm tracking and
reconstruction without an external tracker. In: Pro-
ceedings of the MICCAI 2006, pp 494–502

19. Cheriet F, Laporte C, Kadoury S, Labelle H,
Dansereau J (2007) A novel system for the 3-D
reconstruction of the human spine and rib cage from
biplanar X-ray images. IEEE Trans Biomed Eng
54(7):1356–1358

20. Schumann S, Dong X, Puls M, Nolte LP, Zheng G
(2012) Calibration of C-arm for orthopedic interven-

tions via statistical model-based distortion correction
and robust phantom detection. In: Proceedings of the
ISBI 2012, pp 1204–1207

21. Carter CR, Hicken GJ (2005) Device for immobiliz-
ing a patient and compressing a patient’s skeleton,
joints and spine during diagnostic procedures using
an MRI unit, CT scan unit or x-ray unit. US Patent
6,860,272

22. Schmit BP, Keeton M, Babusis B (2005) Restraining
apparatus and method for use in imaging procedures.
US Patent 6,882,878

23. Mitton D, Landry C, Véron S, Skalli W, Lavaste F,
De Guise JA (2000) 3D reconstruction method from
biplanar radiography using non-stereocorresponding
points and elastic deformable meshes. Med Biol Eng
Comput 38(2):133–139

24. Yu W, Zheng G (2014) Personalized x-ray recon-
struction of the proximal femur via a new control
point-based 2D-3D registration and residual com-
plexity minimization. VCBM 2014:155–162

25. Sadowsky O, Chintalapani G, Taylor RH (2007)
Deformable 2D-3D registration of the pelvis with
a limited field of view, using shape statistics. In:
Proceedings of the MICCAI’07, pp 519–526

26. Ahmad O, Ramamurthi K, Wilson KE, Engelke
K, Prince RL, Taylor RH (2010) Volumetric DXA
(VXA) – a new method to extract 3D information
from multiple in vivo DXA images. J Bone Miner
Res 25:2468–2475

27. Baka N, Kaptein BL, de Bruijne M, van Walsum T,
Giphart JE, Niessen WJ, Lelieveldt BP (2011) 2D-3D
reconstruction of the distal femur from stereo X-ray
imaging using statistical shape models. Med Image
Anal 15:840–850

28. Zheng G (2011) Personalized X-ray reconstruction
of the proximal femur via intensity-based non-rigid
2D-3D registration. MICCAI 2011, Part II. LNCS,
vol 6982, pp 598–606

29. Zheng G, Gollmer S, Schumann S, Dong X, Feilkas
T, González Ballester MA (2009) A 2D/3D corre-
spondence building method for reconstruction of a
patient-specific 3D bone surface model using point
distribution models and calibrated X-ray images.
Med Image Anal 13:883–899

30. Hartley R, Zisserman A (2004) Multiple view geom-
etry in computer vision, 2nd edn. Cambridge Univer-
sity Press, Cambridge

31. Matziolis G, Krocker D, Weiss U, Tohtz S, Perka
C (2007) A prospective, randomized study of
computer-assisted and conventional total knee arthro-
plasty. Three-dimensional evaluation of implant
alignment and rotation. J Bone Joint Surg Am 89:
236–243

32. Ettinger M, Claassen L, Paes P, Calliess T (2016) 2D
versus 3D templating in total knee arthroplasty. Knee
23:149–151

33. Wybier M, Bossard P (2013) Musculoskeletal imag-
ing in progress: the EOS imaging system. Joint Bone
Spine 80(3):238–243



9Atlas-Based 3D Intensity Volume
Reconstruction from 2D Long Leg
Standing X-Rays: Application to Hard
and Soft Tissues in Lower Extremity

Weimin Yu and Guoyan Zheng

Abstract

In this chapter, the reconstruction of 3D
intensity volumes of femur, tibia, and
three muscles around the thigh region
from a pair of calibrated X-ray images is
addressed. We present an atlas-based 2D-3D
intensity volume reconstruction approach by
combining a 2D-2D nonrigid registration-
based 3D landmark reconstruction procedure
with an adaptive regularization step. More
specifically, an atlas derived from the CT
acquisition of a healthy lower extremity,
together with the input calibrated X-
ray images, is used to reconstruct those
musculoskeletal structures. To avoid the
potential penetration of the reconstructed
femoral and tibial volumes that might be
caused by reconstruction error, we come
up with an articulated 2D-3D reconstruction
strategy, which can effectively preserve knee
joint structure. Another contribution from
our work is the application of the proposed
2D-3D reconstruction pipeline to derive
the patient-specific volumes of three thigh
muscles around the thigh region.
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Keywords
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9.1 Introduction

In order to reduce radiation exposure to patients,
2D-3D reconstruction, which can reconstruct 3D
patient-specific models from 2D X-ray images,
is proposed as an alternative to CT scan for
certain applications. Depending on the output,
those 2D-3D reconstruction methods can be gen-
erally classified into two categories [1]: 3D sur-
face model reconstruction [2, 3] and 3D intensity
volume reconstruction [4–7]. The methods in
the former category compute 3D patient-specific
surface models from one or multiple 2D X-ray
images. No intensity information or information
about cortical bone is available. The methods in
the second category generate 3D patient-specific
volumes from a limited number of X-ray im-
ages. Most of the previous work tried to solve
the ill-posed problem of 2D-3D volume recon-
struction by introducing different statistical prior
models, while Yu et al. [7] firstly explored the
potential of atlas-based 2D-3D intensity volume
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reconstruction. To our knowledge, none of the
above mentioned methods have been applied to
reconstruct the intensity volumes of a complete
lower extremity.

In this chapter we present an atlas-based 2D-
3D intensity volume reconstruction approach
which is an extension of the previous work [7],
and we apply it to reconstruct 3D intensity
volumes of femur, tibia, and three muscles
around the thigh region from a pair of 2D X-
ray images.

The remainder of the chapter is arranged as
follows: the techniques of the proposed atlas-
based 2D-3D reconstruction method will be de-
scribed in Sect. 9.2. Section 9.3 will present the
results of our validation experiments on several
datasets, followed by the discussions and conclu-
sions in Sect. 9.4.

9.2 Materials and Methods

9.2.1 Atlas Preparation

The atlas consists of the template volumes of
femur and tibia as well as the template volumes
of rectus femoris muscle, vastus lateralis and
intermedius muscle, and vastus medialis muscle
(if reconstructing these thigh muscles) which are
segmented from the CT data of a healthy lower
extremity. In addition, the atlas includes two

sets of sparse 3D landmarks
({

Lfemur,n
}N1

n=1 and
{
Ltibia,n

}N2

n=1

)
extracted from the outer surfaces

and the intramedullary canal surfaces of the tem-
plate volumes.

9.2.2 The 2D-3D Reconstruction
Pipeline

The 2D-3D reconstruction process is aiming
to fit the atlas to a pair of X-ray images,
one acquired from the anterior-posterior (AP)
direction and the other from an oblique view (not
necessary the lateral-medial (LM) direction).
Both images are calibrated and co-registered
to a common coordinate system called c.
A template volume I (x) is aligned to the
reference space c via a forward mapping:

I
(
xc

(
Tg, Td

)) = I
(
Tg ◦ Td ◦ xf

)
, where xf is a

point in the template space. Here, a global scaled-
rigid transformation Tg and a local deformation
Td are to be determined via a 2D-3D scaled-rigid
registration stage and a 2D-3D intensity volume
reconstruction stage. Both stages are based on the
procedure of 2D-2D nonrigid registration-based
3D landmark reconstruction.

The 2D-2D nonrigid registration-based 3D
landmark reconstruction follows the previous
work [7] which is organized in a hierarchical
style: (1) DRR generation and 3D landmark
projection, (2) nonrigid 2D-2D intensity-
based registration, and (3) triangulation-based
landmark reconstruction. Inspired by the work
[2], 3D sparse landmarks instead of the B-spline
control points used in the previous work are
adapted.

Given the initial transformation of the tem-
plate volumes to the common coordinate system
c via landmark-based alignment, we can gen-
erate virtual 2D radiographic images and also
project those 3D sparse landmarks. The nonrigid
2D deformation fields obtained from the regis-
tration module based on the registration library
“elastix” [8] enable us to look for the dimensional
correspondences represented by the paired 2D
projected landmarks, and then new 3D sparse
landmarks are reconstructed via triangulation.

9.2.2.1 2D-3D Scaled-Rigid Alignment
2D-3D scaled-rigid alignment is conducted
via the paired-point matching between the
reconstructed 3D landmarks and the original
3D landmarks in the atlas (see Fig. 9.1, left),
and we iteratively compute

{
T t

g

}
t=1,2,3,...

in order
to handle those complicated pose differences.
The 2D-3D similarity alignment is applied to
femur and tibia individually, and finally we can
obtain two scaled-rigid transformations T femur

g

and T tibia
g . Figure 9.1, right, shows an example

of the 2D-3D scaled-rigid alignment which can
handle large pose difference.

9.2.2.2 2D-3D Intensity Volume
Reconstruction

2D-3D intensity volume reconstruction starts
with the reconstructed 3D sparse landmarks
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({
L′

femur,n
}N1

n=1 or
{
L′

tibia,n
}N2

n=1

)
and the original

3D landmarks in the atlas
({

Lfemur,n
}N1

n=1 or
{
Ltibia,n

}N2

n=1

)
. Firstly, we transform these

reconstructed landmarks back to thespace of

the atlas with T −1,femur
g and T −1,tibia

g , and
then two local deformations T femur

l and T tibia
l

can be computed using 3D thin-plate-spline
transformation as follows:

Correspondences of the 
projected landmarks (Red: 

Projected Landmarks; Green: 
Deformed Landmarks)

Triangulation-based 
Landmark 

Reconstruction

Paired-point Matching

Before
Alignment

After
Alignment

Results

Fig. 9.1 An illustration of 2D-3D scaled-rigid alignment

⎧
⎨

⎩
T femur

l ← TT PS

({
Lfemur,n

}N1

n=1 ,
{
T −1,femur

g ◦ L′
femur,n

}N1

n=1

)

T tibia
l ← TT PS

({
Ltibia,n

}N2

n=1 ,
{
T −1,tibia

g ◦ L′
tibia,n

}N2

n=1

) (9.1)

Notice that the obtained transformations
T femur

l and T tibia
l are usually ill-posed since

there is no restriction on the behaviors of 3D
deformation fields, which may lead to poor
reconstruction results (see Fig. 9.2). Therefore,
we apply an adaptive regularization on the B-
spline grid(s) sampled from T femur

l and T tibia
l in

order to derive the anatomically correct results.
The adaptive regularization strategy begins

with the layout of a combined B-spline grid or
two individual B-spline grids in terms of the
articulated or individual 2D-3D reconstruction
methods by interpolating the displacements at
the control points from T femur

l and T tibia
l . Fol-

lowing the previous work [9], the displacement
vectors dijk at the control points are regularized
based on the Neumann boundary condition on
the control points [10]. Figure 9.3 illustratesthe

3D deformations computed from each step of the
regularization.

In order to prevent the reconstructed femur
and tibia from penetrating each other, we investi-
gated two strategies to reconstruct the associated
structures:

I. Individual 2D-3D reconstruction. The recon-
struction of femur and tibia is completely
individual, and each time just one anatomy
will be reconstructed. As indicated, there is
no consideration over the articulation of the
knee joint.

II. Articulated 2D-3D reconstruction. A com-
bined B-spline grid is placed over the space of
the template volumes, and the displacement
dijk at a control point Cijk is computed
either by T femur

l or by T tibia
l , dependingon
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Fig. 9.2 A comparison of the reconstruction of femur and tibia without the adaptive regularization strategy

Interpolate B-spline 
Control Point 

Displacements

Adaptive 
Regularization on 
the Displacements

Compute 3D TPS 
Transformation

Compute Voxel 
Displacements via B-
spline Interpolation

(a) (d) (b) (c)

Fig. 9.3 A comparison of the deformation fields derived
from a TPS transformation and from the regularized B-
spline transformation. (a) Voxel-wise 3D deformation
field computed from the TPS transformation. (b) Dis-
placements of the B-spline control points interpolated

from the TPS transformation. (c) Adaptive regularization
on the displacements of these B-spline control points. (d)
Voxel-wise 3D deformation field interpolated from the
regularized B-spline transformation

the relative position between a predefined
axis-aligned plane ζ (see Fig. 9.4, left) and
Cijk:

{
if Cijk is above ζ, dijk ← T femur

l

(
Cijk

)

if Cijk is below ζ, dijk ← T tibia
l

(
Cijk

)

(9.2)

We found that the reconstruction accuracy
is basically the same for both strategies, while
the qualitative comparison of reconstructing knee
joint structure demonstrates the superiority of the

articulated 2D-3D reconstruction method over
the individual one (see Fig. 9.4, right).

9.2.2.3 The Reconstruction of Three
Muscles Around the Thigh
Region

The obtained 3D deformation fields from the
reconstruction pipeline provide the potential of
reconstructing the muscles in the thigh region.
Currently, we just focus on the reconstruction
of (1) rectus femoris muscle, (2) vastus lateralis
and intermedius muscle, and (3) vastus medialis
muscle.
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Fig. 9.4 The schematic view of the articulated 2D-3D reconstruction method (left) and the qualitative comparison with
the individual 2D-3D reconstruction method (right)

9.3 Experiments and Results

Approved by a local institution review board
(IRB), we conducted three experiments to vali-
date the proposed reconstruction pipeline in re-
gard to different motivations.

9.3.1 Experiment on CT Dataset of
11 Cadaveric Legs

Each CT data has a voxel spacing of 0.78 ×
0.78 × 1 mm, and we chose a healthy CT data
from them to create the atlas for all experiments.
For the atlas, we segmented the binary labels of
the femoral and tibial structures as well as their
cortical bone regions, and 641 landmarks for
femur and 872 landmarks for tibia were extracted
from these binary labels.

In this experiment, we would like to evaluate
the overall reconstruction accuracy of femur and
tibia as well as the reconstruction accuracy of
their intramedullary canal regions. Therefore, for
the left 10 sets of CT volumes, we segmented the
binary labels of the femoral and tibial structures
as well as their cortical bone regions for each CT

data as the ground truth, and also we generated a
pair of virtual 2D radiographic images (DRRs) as
the reference images (see Fig. 9.5, top).

We assessed both the individual and the articu-
lated 2D-3D reconstruction strategies, and the re-
sults are shown in Fig. 9.5, left. Here, the average
surface distance (ASD) and the dice coefficient
(DC) for the overall reconstruction and the recon-
struction of cortical bone region (i.e., CBRASD
and CBRDC) were measured. From the results,
there is no statistically significant difference in
accuracy, but it is distinct in the preservation of
knee joint structure from the two strategies (see
Fig. 9.4). Figure 9.5, right, shows a qualitative
comparison of the reconstructed volumes with
the associated ground truth volumes for both
femur and tibia.

9.3.2 Experiment on X-Ray Images
from Patients

Ten pairs of X-ray images were collected for
this experiment, which is more challenging due
to the image quality. Since only the CT data
around three local regions (hip, knee, and ankle
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Individual 2D-3D Reconstruction
Femur

ASD DC CBRASD CBRDC

Mean±STD 1.5±0.2mm 91.9±0.8% 1.0±0.2mm 84.3±2.7%

Tibia

ASD DC CBRASD CBRDC

Mean±STD 1.3±0.2mm 91.6±1.1% 1.0±0.2mm 79.1±3.4%

Articulated 2D-3D Reconstruction
Femur

ASD DC CBRASD CBRDC

Mean±STD 1.5±0.2mm 91.8±0.8% 1.0±0.2mm 84.3±2.7%

Tibia

ASD DC CBRASD CBRDC

Mean±STD 1.3±0.2mm 91.4±1.1% 1.0±0.2mm 79.0±3.4%

CT data

Ground TruthReference Images

CT data

Ground TruthReference Images
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Mean±STD 1.5±0.2mm 91.9±0.8% 1.0±0.2mm 84.3±2.7%

Tibia

ASD DC CBRARR SD CBRDC
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Fig. 9.5 The reference images and the ground truth from each CT data (top) and the quantitative (bottom, left) and
qualitative (bottom, right) results of the experiment conducted on ten cadaveric legs

#01 #02 #03 #04 #05 #06 #07 #08 #09 #10 Mean±STD

PF-ASD [mm] 1.2 1.2 0.8 0.9 1.3 1.2 1.5 2.2 1.4 0.9 1.3±0.4

DF-ASD [mm] 1.5 1.4 1.5 1.3 1.6 1.9 1.8 1.5 1.4 1.2 1.5±0.2

PT-ASD [mm] 1.1 1.1 1.4 1.2 1.4 1.4 2.2 1.6 1.8 1.4 1.5±0.3

DT-ASD [mm] 1 1.3 1.5 1.5 1.2 1.4 1.5 0.9 1.2 1.5 1.3±0.2

Fig. 9.6 The average surface distances measured between the reconstructed surface models and the ground truth
surface models

joint) were available, the reconstruction accuracy
was evaluated by comparing the surface models
extracted from the ground truth CT data with
those extracted from the reconstructed volumes
after rigidly aligning them together.

The average surface distance for the local
regions including proximal femur (PF-ASD),
distal femur (DF-ASD), proximal tibia (PT-
ASD), and distal tibia (DT-ASD) were measured.
The quantitative results are shown in Fig. 9.6,
left, where an overall reconstruction accuracy of
1.4 mm was found, and Fig. 9.6, right, shows a
reconstruction case.

9.3.3 Experiment on Reconstructing
Three Thigh Muscles

We also evaluated the accuracy of reconstructing
three thigh muscles on a set of 12 one-side CT
data with the associated ground truth segmen-
tations around the thigh region [11]. One CT
volume was randomly chosen to create the atlas,
and we conducted the experiment on the left 11
cases. We measured the dice coefficient (DC)
to evaluate the reconstruction accuracy of the
three thigh muscles, and the results are shown in
Fig. 9.7, ranging from 78% to 85%.
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Case

Musculoskeletal Structure Reconstruction – DICE [%]

Femur Rectus Femoris
Muscle

Vastus Lateralis 
& Intermedius

Muscle

Vastus Medialis
Muscle

#01 93.4 84.6 86.3 74.5

#02 94 85.5 85.8 78.2

#03 90.7 76.2 86.3 80.3

#04 92.8 81.9 82.2 79

#05 90.8 83.4 77.7 74.2

#06 90 71.3 85.5 81.9

#07 89.7 81.3 86 75.3

#08 91.8 77.3 86.1 79.2

#09 92 74 80.1 73.2

#10 90.8 84.6 88.6 79.9

#11 92.4 84.5 88.3 79.8

Overall 91.7±2.4 80.4±4.9 84.8±3.4 77.8±2.9 (a)

(b)

(c)

(d)

(e)

Fig. 9.7 (a) The femur and thigh muscle reconstruction accuracy: red (ground truth surface) and green (reconstructed
surface); (b) femur; (c) rectus femoris muscle; (d) vastus lateralis and intermedius muscle; (e) vastus medialis muscle

9.4 Discussion and Conclusion

We presented an atlas-based 2D-3D intensity
volume reconstruction approach, which to our
knowledge is probably the first attempt to derive
patient-specific musculoskeletal structures in the
lower extremity. Our method has the advantage
of combining the robustness of 2D-3D landmark
reconstruction with the smoothness properties
inherent to B-spline-based 3D regularization. In
order to preserve knee joint structure, we pro-
posed an articulated 2D-3D reconstruction strat-
egy which can derive the anatomically correct
reconstruction results, and we also investigated
the reconstruction of three thigh muscles via the
proposed reconstruction pipeline, which holds
the potential to be used in the clinical routine
in future. The comprehensive results from a set
of experiments demonstrated the efficacy of this
2D-3D reconstruction method.
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1. Markelj P, Tomaževič D, Likar B, Pernuš F (2012)
A review of 3D/2D registration methods for image-
guided interventions. Med Image Anal 16:642–661

2. Zheng G, Gollmer S, Schumann S, Dong X, Feilkas
T, González Ballester MA (2009) A 2D/3D corre-
spondence building method for reconstruction of a
patient-specific 3D bone surface model using point
distribution models and calibrated X-ray images. Med
Image Anal 13:883–899

3. Baka N, Kaptein BL, de Bruijne M, van Walsum T,
Giphart JE, Niessen WJ, Lelieveldt BP (2011) 2D-3D
reconstruction of the distal femur from stereo X-ray
imaging using statistical shape models. Med Image
Anal 15:840–850

4. Yao J, Taylor RH (2003) Assessing accuracy fac-
tors in deformable 2D/3D medical image registra-
tion using a statistical pelvis model. In: ICCV 2003,
pp 1329–1334

5. Ahmad O, Ramamurthi K, Wilson KE, Engelke K,
Prince RL, Taylor RH (2010) Volumetric DXA (VXA)
– a new method to extract 3D information from mul-
tiple in vivo DXA images. J Bone Miner Res 25:
2468–2475

6. Zheng G (2011) Personalized X-ray reconstruction of
the proximal femur via intensity-based non-rigid 2D-
3D registration. In: MICCAI 2011, pp 598–606

7. Yu W, Chu C, Tannast M, Zheng G (2016) Fully
automatic reconstruction of personalized 3D volumes
of the proximal femur from 2D X-ray images. Int J
Comput Assist Radiol Surg 11(9):1673–1685



112 W. Yu and G. Zheng

8. Klein S, Staring M, Murphy K, Viergever MA,
Pluim JP (2010) Elastix: a toolbox for intensity-based
medical image registration. IEEE Trans Med Imag
29(1):196–205

9. Myronenko A, Song X (2009) Adaptive regularization
of ill-posed problems: application to non-rigid image
registration. arXiv:0906.3323

10. Strang G (1999) The discrete cosine transform.
SIAM Rev 41(1):135–147

11. Chu C, Takao M, Ogawa T, Yokota F, Sato Y, Zheng
G (2016) Statistical shape modeling of compound
musculoskeletal structures around the thigh region. In:
ISBI 2016, pp 885–888



103D Ultrasound for Orthopedic
Interventions

Ilker Hacihaliloglu

Abstract

Ultrasound is a real-time, non-radiation-based
imaging modality with an ability to acquire
two-dimensional (2D) and three-dimensional
(3D) data. Due to these capabilities, research
has been carried out in order to incorporate
it as an intraoperative imaging modality for
various orthopedic surgery procedures. How-
ever, high levels of noise, different imaging
artifacts, and bone surfaces appearing blurred
with several mm in thickness have prohib-
ited the widespread use of ultrasound as a
standard of care imaging modality in ortho-
pedics. In this chapter, we provided a de-
tailed overview of numerous applications of
3D ultrasound in the domain of orthopedic
surgery. Specifically, we discuss the advan-
tages and disadvantages of methods proposed
for segmentation and enhancement of bone
ultrasound data and the successful application
of these methods in clinical domain. Finally,
a number of challenges are identified which
need to be overcome in order for ultrasound
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to become a preferred imaging modality in
orthopedics.

Keywords

3D ultrasound · Orthopedic interventions ·
Segmentation · Enhancement · Machine
learning · Validation

10.1 Introduction

The three phases of a computer-assisted ortho-
pedic surgery (CAOS) system are preoperative
planning, intraoperative execution, and postop-
erative evaluation (Fig. 10.1). A modification of
this loop can also be extended to nonsurgical
orthopedic procedures. Since the discovery of X-
ray in 1895 and its first use in 1895 for a presur-
gical needle imaging procedure and in 1896 for
surgical removal of a bullet, imaging has played
an important role in interventional guidance. In-
vestigating the closed loop shown in Fig. 10.1,
we can see that imaging is one of the major
building blocks of all the three phases. Currently
many imaging modalities are employed for var-
ious image-guided interventions [82]; however,
not all of them are suitable for CAOS procedures.

The most common imaging modalities cur-
rently employed in orthopedic procedures are
2D plain X-ray, computed tomography (CT),
magnetic resonance imaging (MRI), and 2D/3D
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Fig. 10.1 Three phases of orthopedic surgery. Preoperative planning/assessment, intraoperative execution, and
postoperative evaluation are connected with a closed loop representing a full CAOS system

fluoroscopy [2,9,19,24,45,61,65,66,70]. Among
these imaging modalities, 2D fluoroscopy is the
most commonly used modality for intraopera-
tive visualization and guidance [41, 68]. Since
the beginning of 2000, 3D fluoroscopy imaging
has also been used for various CAOS proce-
dures for intraoperative guidance. Studies have
shown improved surgical outcome using 3D flu-
oroscopy compared to 2D fluoroscopy [36, 46,
81]. However, high costs associated with this
imaging modality have prohibited the widespread
employment. Except MRI, all of these imaging
modalities expose surgical team and patients to
harmful ionizing radiation [34]. A study investi-
gating the exposure of the orthopedic surgeons’
hands to radiation, during the surgery, found an
exposure of 20 mrem/case which is reported to be
187 times greater than the amount predicted by
the manufacturer [34]. For comparison, a chest
X-ray exposes the patient to about 20 mrem. Both
the National Council on Radiation Protection and
the International Commission of Radiological
Protection recommend a maximum exposure of
the hands of 50,000 mrem, which allows up to

2500 cases per year. Though 20 mrem/case is
below this limit, however, receiving nearly the
equivalent of a chest X-ray per case indicates
special care must be taken especially if we think
the amount of surgeries a surgeon has to per-
form. It is reasonable to keep the radiation ex-
posure as low as possible, regardless of safety
regulations.

In order to eliminate or reduce the consid-
erable exposure of ionizing radiation, to both
patients and surgical teams, inherent to fluoro-
scopic imaging, focus has been given to design
ultrasound-based CAOS systems [1, 8, 10, 14, 16,
17, 23, 44, 74, 76]. Ultrasound has traditionally
been used to image muscle interfaces, organs,
and blood flow in real-time. Since there is no
clinically reported risk of using ultrasound, it is
still regarded as the only safe method to image
a fetus. Real-time scanning, lack of radiation,
low cost, and being portable makes this imaging
modality a suitable alternative to fluoroscopy for
intraoperative imaging. Various studies, investi-
gating the potential of ultrasound-based CAOS
procedures, have reported improved surgical ac-
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curacy, decreased invasiveness of the procedure,
and decreased overall radiation exposure time
[10, 74]. Nevertheless, imaging bone using ul-
trasound still continues to be challenging due
to high levels of speckle and imaging artifacts
complicating the interpretation of the collected
data. Furthermore, due to the beam width in
elevation direction, bone surfaces appear several
millimeters (mm) in thickness, and the surface
response profile is affected by the direction of
the ultrasound transducer with respect to the
imaged bone anatomy. Finally, having a limited
field of view, and manual operation of the ul-
trasound transducer causes additional difficulties
during the collection of high quality ultrasound
data further limiting the widespread applicability
of this imaging modality in CAOS procedures.
Due to these difficulties, initial investigations of
ultrasound have focused on using this modality
as a digitization tool, rather than an imaging
modality, to collect intraoperative patient data
which was later registered to a preoperative plan
developed from CT or MRI images. Main focus
was given to develop accurate, automatic, and
real-time registration methods. A detailed review
of ultrasound-based registration approaches can
be found in [67].

Due to widespread availability and ease of
data collection, earlier work in ultrasound-based
CAOS procedures focused on the use of 2D ultra-
sound. With the recent advancements made in the
design of 3D transducers, volumetric ultrasound
imaging is now extensively used in various clin-
ical procedures and becoming more investigated
for orthopedic procedures as well. In this chapter
our focus will be on approaches developed for
segmentation and enhancement of bone surfaces.
Furthermore, we provided a detailed overview
of numerous applications of 3D ultrasound in
the domain of orthopedic surgery. Specifically,
we discuss the advantages and disadvantages of
methods proposed for improving the quality of
ultrasound data and the successful application
of these methods in clinical domain. Finally, a
number of challenges are identified which need
to be overcome in order for ultrasound to become
a preferred imaging modality in orthopedics.

10.2 Bone Surface Response
Profile in Ultrasound Data

Ultrasound images are acquired using pulse-echo
imaging technique and displayed in brightness
mode (B-mode). Small pulses of sound waves
are created using piezoelectric crystals which
are interconnected electronically inside the ultra-
sound transducer. Piezoelectric crystals grow and
shrink in response to an electrical current and
produce ultrasound pulses. The summation of
all pulses generated by the piezoelectric crystals
forms the ultrasound beam. The generated sound
waves are described in terms of their wavelength,
frequency, and amplitude. The direction of ultra-
sound pulse propagation along the beam line is
referred to as the axial direction, the direction in
the image plane perpendicular to axial is called
the lateral direction, and the direction perpen-
dicular to the image plane is called elevational
direction. Ultrasound image resolution in axial
direction is related to the duration of the trans-
mitted pulse and increases with increasing ul-
trasound frequency. However, since wavelength
and frequency are inversely related, increasing
the ultrasound wave frequency limits the depth
of imaging. Lateral and elevational resolution
is related to the width of the ultrasound beam.
Lateral resolution can be improved by increasing
bandwidth and the central frequency of the trans-
mitted pulse [71].

An ultrasound image is formed when the gen-
erated sound waves are transmitted into the body,
reflected off the tissue interface, and returned
to the transducer. The strength of the reflected
sound wave, intensity of the displayed struc-
tures in the ultrasound image, depends on the
difference in acoustic impedance between adja-
cent structures. Acoustic impedance (Z) is calcu-
lated as:

Z = ρ × c. (10.1)

Here ρ is the density of the tissue and c

is speed of the sound in that specific tissue.
Table 10.1 displays various values for ρ, c, and
Z values. The fraction of the incident intensity
that is reflected is given by the equation:
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Table 10.1 Sound wave speed and impedances of different tissues [71]

Tissue Speed(c) [m/s] Density(ρ) [kg/m3] Impedance(Z) [106 × kg/m2s]

Air (25◦C) 346 1.15 0.0004

Fat 1450 951 1.38

Water (25◦C) 1493 991 1.48

Soft tissue 1540 1058 1.63

Liver 1550 1058 1.64

Blood (37◦C) 1570 1064 1.67

Bone 4000 950–1850 3.8–7.4

Fig. 10.2 Sound wave
propagation in tissue.
Incident, reflected, and
transmitted waves are
represented as blue,
orange, and gray arrows,
respectively. Red arrows
point to a small section of
the bone surface. The
image is obtained from
radius bone in vivo

Ir

Ii

=
(

Z2 − Z1

Z2 + Z1

)2

. (10.2)

In the above equation, Z1 and Z2 represent acous-
tic impedance of two different mediums. Incident
and reflected intensity wave values are denoted
with Ii and Ir , respectively. As the acoustic
impedance difference between two adjacent tis-
sue increases, the more ultrasound energy will be
reflected back to the transducer at that specific
boundary location. This process is depicted in
Fig. 10.2 as an example.

Investigating Table 10.1 we can see that bone
tissue has the highest acoustic impedance value
among all the tissue types. Therefore at the tissue
bone boundary, most of the sound wave will
be reflected back to the transducer, and the Ir

value at that specific interface will be very high.
This is the main reason why bone boundaries
are depicted with high-intensity value in the B-
mode ultrasound data. Since most of the signal is
reflected back at the bone boundary, the energy of
the transmitted wave (It ) interior to the bone sur-
face will be very low and will not propagate back
to the transducer. This results in the generation
of a low-intensity region, denoted as the shadow
region, in the collected ultrasound data and is
one of the typical US imaging artifacts denoting
that interior bone surfaces cannot be imaged with
ultrasound (Fig. 10.3).

Compared to appearance of bone in CT, MRI,
or fluoroscopy data, the bone surface response
profile in ultrasound is not a sharp edge and has
a thickness denoted as bone response thickness
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Fig. 10.3 In vivo ultrasound images of various bone surfaces. Left: distal radius. Middle: femur. Right: spine. Yellow
arrows point to the shadow regions present in all the ultrasound images

(Fig. 10.3). The two main reasons why the bone
surface produces a thick response are: (1) 3D
geometry of the imaged bone surface and (2) fi-
nite beam width in the elevation direction. When
imaging complex anatomy (such as spine), each
imaging array (piezoelectric crystal) will receive
reflections from bone surfaces outside its direct
lie of sight and produce a thicker response [39].
Imaging tilted surfaces, or tilting the ultrasound
transducer while imaging, will also increase the
surface response thickness since the reflected
waves will no longer reach all the imaging arrays.
Figure 10.4 shows two different ultrasound im-
ages of the distal radius bone. The two images
are obtained from the same anatomical region
without changing the location of the ultrasound
transducer during the scanning. During the col-
lection of the right image shown in Fig. 10.4, the
transducer was tilted with respect to the imaged
bone surface (schematic plot of the process is
provided in bottom row in Fig. 10.4). Investigat-
ing the two B-mode ultrasound images, we can
see how a simple tilting of the transducer affects
the bone surface response profile. This qualitative
investigation also shows one of the most impor-
tant drawbacks of ultrasound imaging, namely,
being a user-operated imaging modality causing
additional difficulties during data collection since
a single-degree deviation angle by the operator
can reduce the signal strength by 50% [63].
For more details about the physics of ultrasound
image formation, the reader is referred to the
following publications [5, 63, 71, 72].

10.3 Basic Principles of 3D
Ultrasound Data Acquisition

One of the main advantages of 2D ultrasound
for intraoperative applicability is that it can pro-
vide real-time imaging of the scanned anatomy.
With the technological advancement made in
the transducer design, real-time volumetric ultra-
sound acquisition is possible. Consequently, 3D
ultrasound-based surgical procedures are becom-
ing widely available. In this section we will pro-
vide information on how volumetric ultrasound
data is collected in order to provide a general
understanding of how this data can be employed
in orthopedic procedures.

Techniques which are currently used to ac-
quire 3D ultrasound data can be classified into
three groups: (1) mechanical scanning, (2) 2D
array scanning, and (3) freehand scanning.

10.3.1 Mechanical Scanning

In conventional 2D transducers, piezoelectric
crystals are arranged linearly. Mechanical
transducers move the linearly arranged crystals
in a predefined spatial or angular intervals using
a motorized mechanical assembly. Using the
accurate knowledge of the relative positions
and orientations of the acquired multiple 2D
scans, a 3D volume can be reconstructed with
high accuracy. The most common mechanical
scanning modes are translation, rotation, and
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Fig. 10.4 In vivo ultrasound images of distal radius. Top
row: left image is obtained when the transducer is aligned
with respect to the bone surface, while the image shown
on the right is obtained tilting the ultrasound transducer

with respect to the bone surface. Bottom row: schematic
plot of the transducer orientation with respect to the im-
aged bone surface. Red arrows indicate ultrasound waves
reflecting away from the transducer surface

oscillation [21]. Figure 10.5 displays an example
of a mechanical transducer with linear scanning.

10.3.2 2D Array Scanning

Two problems associated with mechanical scan-
ning are: (1) low resolution in elevation direction
and (2) long time for image acquisition, and
volume reconstruction limiting the applicability
of these transducers for real-time guidance. In
order to provide solutions to these problems,
research has focused on the design of 2D array
transducers (Fig. 10.5b). In 2D array scanning,
beam focusing can be achieved in elevation and
lateral directions providing an improvement over

mechanical scanning. These transducers generate
a diverging beam in a pyramidal shape, and the
reflected sound wave echoes are processed to
integrate 3D US images in real time. The main
disadvantage of 2D array transducers is related
to the difficulties faced during the design of these
transducers. Since the electrical impedance of
each crystal in 2D array is much greater than
that of 1D array impedance, matching becomes
a challenging procedure [75]. In order to reduce
the difficulties in fabrication, the size of the array
cannot be arbitrarily large, leading to small field
of view problem. Finally, the cost associated with
these transducers is much higher compared to
mechanical scanning due to the increased number
of crystals.
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Fig. 10.5 (a) Mechanical scanning. Left: motorized 3D
ultrasound transducer side view. Right: motorized 3D
ultrasound transducer scanning surface view. Linearly
arranged piezoelectric crystals are moved with the motor-

ized setup in a predefined direction denoted with yellow
arrow. (b) Schematic plot of 2D matrix array transducer
imaging surface. Each blue region represents a single
crystal

10.3.3 Freehand Scanning

Freehand scanning is performed by acquiring a
series of 2D ultrasound images, using conven-
tional 2D transducer, over a region of interest.
Freehand scanning is a two-step process. First, in
order to record the relative location of each scan,
a position sensor must be attached to the trans-
ducer. The second step involves reconstruction
of the 3D volume using the position and image
information [69]. The most common method for
obtaining position information is by using track-
ing technologies such as electromagnetic, optical,
or mechanical. In ultrasound-based CAOS appli-
cations, most research has focused on the use of
electromagnetic and optical tracking due to the
widespread applicability of these technologies
in orthopedic procedures. Optical tracking sys-
tems are more accurate than the electromagnetic
tracking systems [43]. However, a direct line of
sight between the tracking device and the optical
markers needs to be established at all times. On
the other hand, electromagnetic tracking systems
are not as accurate as the optical systems, but they
do not require direct line of sight between the
tracked instrument and the magnetic field gener-
ator. For a detailed review of currently employed
tracking technologies, the reader is referred to
[43, 57]. This first step also involves ultrasound

transducer calibration. Calibration is required in
order to relate the 2D image information to the
tracker 3D coordinate system. With this process
each pixel in the ultrasound image is converted
to a 3D coordinate measured in millimeters. For
a detailed review of various calibration methods,
the reader is referred to [49].

Based on the technique used, the reconstruc-
tion algorithms can be divided into three differ-
ent groups: pixel-based methods (PBM), voxel-
based methods (VBM), and function-based meth-
ods (FBM) [69]. VBM travel all the image vox-
els in a target volume, and the corresponding
pixels are inserted from the input images. PBM
traverse the input pixels and insert them into the
corresponding target volume. In FBM, particular
functions (such as a polynomial) are fitted to the
input pixels and are used for creating the voxel
grid [69].

10.4 Segmentation of Bone
Surfaces from Ultrasound
Data

In the early reported work, bone surfaces were
manually segmented from the collected ultra-
sound data [16, 74]. However, manual bone seg-
mentation is time-consuming, complicated, and
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prone to significant inter- and intra-user error.
In order to render the problem more tractable,
several research groups have tried to automate the
segmentation process [27]. Accurate, robust, and
real-time segmentation still continues to be an
open research question in orthopedic procedures.
Since the initial applications of ultrasound-based
CAOS systems incorporated tracked 2D ultra-
sound, most previous research has focused on
developing automated 2D segmentation methods.
Volumetric data was processed by applying the
developed 2D segmentation methods on each
individual slice. Some researchers have focused
on the development of 3D segmentation methods
in order to take advantage of the surface conti-
nuity in the elevation direction [31]. However,
until to date the main focus still remains on the
development of 2D segmentation methods. The
validation of the proposed segmentation methods
is usually performed by comparing the auto-
matically extracted surfaces against manual ex-
pert segmentation. We provide more information
about the specific metrics used for validation in
Sect. 10.5 of this chapter. The proposed auto-
matic methods can be classified into four main
categories: (1) methods based on image inten-
sity and gradient information, (2) methods based
on image phase information, (3) joint methods
which use image phase and intensity information,
and (4) methods based on machine learning.
Below we will provide more information on each
of these categories.

10.4.1 Bone Segmentation Based on
Image Intensity and Gradient
Information

Initial work on the segmentation of bone surfaces
used image intensity and gradient information.
Amin et al. [1] used the fact that bone surfaces
appear as a high-intensity feature followed by a
low-intensity region representing the shadow re-
gion. A directional edge detection and Gaussian
blurring function was applied to the collected
ultrasound data. The extracted surfaces were re-
fined during the registration step. The developed
system was validated on a single subject schedule

for a hip replacement surgery. This initial study
did not report the segmentation accuracy, but the
reported ultrasound-CT registration mean error
for translation and rotation was 1.27 mm and
0.59◦. In a separate work, Kowal et al. [44] pro-
posed a framework which consisted of depth ini-
tialized intensity thresholding, image morphol-
ogy, adaptive thresholding, and contour connect-
ing operations. Validation results performed on
ex vivo bovine and porcine femur bone achieved
a segmentation accuracy of 0.42 mm. The re-
ported processing time was 0.8 s per slice. This
work was later used on a phantom study in
order to evaluate a new ultrasound registration
method [73]. A multistage framework was pro-
posed by Daanen et al. [18] for segmentation of in
vivo and cadaver ultrasound scans obtained from
sacrum bone. A fuzzy intensity image (FII) was
calculated using Otsu thresholding and intensity
transformation operation. The obtained FII was
masked with a gradient image and used as an
input to a ray casting method which resulted in
the segmented bone surfaces. Validation studies
performed on three different cadavers and in
vivo patients resulted in a minimum segmenta-
tion accuracy of 0.45 mm. The reported aver-
age processing time was 3.4 s. Foroughi et al.
[22] proposed a dynamic programming approach
where the image shadow information was incor-
porated into the proposed algorithm to guide the
segmentation. The reported segmentation accu-
racy on cadaver scans, obtained from femur and
pelvis bone surfaces, was less than 0.3 mm. In
a different study, the same approach was used
for localization of pelvic anatomical coordinate
system where the extracted bone surfaces were
registered to a statistical atlas of the pelvis [23].
Rasoulian et al. [59] extended the method of
[23] for the segmentation of vertebrae bone sur-
faces and subsequent registration to a statisti-
cal shape model. In a more recent publication
[15], a parallel implementation (using Intel Math
Kernel Library), of the proposed method [22],
was performed and validated for registering a
spine statistical shape model to 3D ultrasound
volumes obtained from a mechanical transducer.
The reported processing time for segmenting a
single volume was 0.6 s [15]. In a different work,
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the segmentation approach proposed in [59] was
used for processing volumetric ultrasound data
obtained using freehand scanning with electro-
magnetic tracking [60]. This study is also one
of the initial ones where a complete ultrasound-
guided spinal injection system was validated on
in vivo scans. In [48], a three-step process was
proposed for segmentation of bone surfaces from
2D ultrasound data with a specific clinical focus
on locking of the intramedullary nail in tibia
fracture reduction procedures. The three steps in-
clude vertical gradient filtering, shortest path cal-
culation, and contour closing using polynomial
interpolation. In vivo validation results obtained
from nine volunteer scans achieved a mean max-
imum root mean square error (RMSE) value of
0.8 mm with a processing time of 10–15 images
per second. A feature descriptor, bone confidence
localizer (BCL), was proposed in [79]. BCL fea-
ture descriptor was calculated by combining ori-
entation filtered ultrasound data and confidence
map [42] image. The confidence map is obtained
using a graph-based method to represent the ul-
trasound signal attenuation inside the tissue. The
final bone surface was extracted thresholding the
calculated BCL image. For validation freehand
ultrasound volumes, using electromagnetic track-
ing, were collected from a single human cadaver
leg. Scanned regions were femur, tibia, and fibula
bones. The reported segmentation accuracy was
1.47 mm for the femur bone and 3.63 mm for the
tibia/fibula bones. The developed segmentation
method was operating in real time. However, the
reported success rates (percentage of correctly
segmented bones) were 82% for femur and 72%
for tibia/fibula bones [79].

Incorporation of CT bone information, ob-
tained during registration, was also proposed by
different groups in order to improve the robust-
ness of the segmentation. Ionescu et al. [38] pro-
posed a two-stage segmentation process. During
the first stage, denoised ultrasound data were
segmented using watershed algorithm. The seg-
mentation result was updated during the US-
CT registration process. Validation results on in
vivo vertebra bone scans achieved a max regis-
tration accuracy of 1.9 mm and 0.87◦. In [11],
where various image analysis methods (such as

image thresholding, morphology operations, con-
nected component labeling, and cubic B-spline
smoothing) were used to design a segmenta-
tion framework. The segmented surfaces were
modified during the CT-ultrasound registration
process. Validation was performed on freehand
ultrasound volumes obtained from single human
femur cadaver using electromagnetic tracking.
The authors report a segmentation accuracy of
0.38 mm with a processing time of 20–30 ms per
slice. In [56], bone ultrasound data was con-
verted to a probability image using the physics
of ultrasound bone imaging, thresholding, and
a training framework. Training images were ob-
tained using manual segmentation. The enhanced
images were registered to a CT scan. 3D freehand
ultrasound scans were collected using optical
tracking from three female cadavers. Specific
attention was given to femur and pelvis bones.
The reported RMSE for target registration error
was 1.6 mm.

10.4.2 Bone Segmentation Based on
Image Phase Information

The use of local phase information for processing
ultrasound data has been previously investigated
by various groups for non-orthopedic applica-
tions [52]. Several groups have suggested that
image phase information is a more robust feature
for acoustic boundary detection. In the context of
processing bone ultrasound data Hacihaliloglu et
al. [29] proposed, for the first time, the use of
local phase image features for enhancement of
bone ultrasound data. In their successive work,
this method was also extended to 3D for process-
ing volumetric ultrasound data with a specific
clinical focus on distal radius and pelvic bone
surface imaging [30–32].

Image phase information can be extracted us-
ing band-pass quadrature filters. For a more ex-
tensive review of various quadrature filter types,
the reader is referred to [13]. The most com-
monly applied band-pass quadrature filter for
processing ultrasound data is the Log-Gabor filter
[25, 30, 51]. Some research has also focused
on the use of monogenic filter based on mono-
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genic signal theory [20]. Accurate and robust
enhancement requires the optimization of the
filter parameters. In [31, 32], an optimization
framework was proposed where filter parameters
were optimized using the information obtained
from the bone image features. In [3,4], frequency
domain information was used to optimize 2D
and 3D filter parameters. Validation on cadaver
studies obtained from scaphoid bones achieved
an average mean surface and Hausdorff distance
errors of 0.7 and 1.8 mm, respectively. Most of
the methods based on the use of local phase
image information enhance the appearance of
bone surfaces in the ultrasound data while sup-
pressing the typical imaging artifacts. Therefore,
a post-processing method is usually required to
segment the enhanced bone features. This can be
performed using a bottom-up ray casting method
and selecting the pixel in each vertical column
belonging to the highest gradient or highest in-
tensity value. A segmentation approach similar to
[22] can also be used. Enhanced local phase bone
features can also be used as an input to a registra-
tion method without the need for segmentation.
In the context of epidural anesthesia procedures
where ultrasound is used for real-time guidance,
Hacihaliloglu et al. [33] enhanced spine bone
surfaces using local phase tensor filter. Enhanced
bone surfaces were registered to statistical shape
model of the spine. The reported target registra-
tion error was 2 mm. Recently, our group has also
proposed a method for the enhancement of bone
shadow regions using image phase information

[26]. Investigating Fig. 10.6 we can see that the
proposed method classifies the ultrasound data
into distinct regions corresponding to soft tis-
sue interface, bone region, and the shadow re-
gion. In [28], we have incorporated the enhanced
bone shadow and phase features into a dynamic
programming-based segmentation method. Vali-
dation, performed in 150 in vivo ultrasound scans
obtained from seven volunteers, achieved a mean
surface localization error of 0.26 mm. Currently,
our group is trying to extend these features for
processing 3D ultrasound.

10.4.3 Bone Segmentation Based on
Image Intensity and Phase
Information

Approaches belonging to this group generally
combine image intensity and phase features for
improving the robustness of the segmentation. Jia
et al. [40] incorporated image intensity and phase
features into a dynamic programming approach
which was proposed in [22]. Validation was per-
formed on six healthy volunteers by collect-
ing 2D ultrasound scans from greater trochanter
bone. The average euclidean distance error, of
the proposed method, was 0.12 mm with a pro-
cessing time of 4.1 s. In [12], ultrasound was
proposed as an imaging modality for scoliosis
monitoring. A classification method, where im-
age intensity and phase features were used during
training, was proposed for segmenting the ultra-

Fig. 10.6 (a) B-mode in vivo femur ultrasound image.
(b) Shadow enhancement result of (a). (c) B-mode in vivo
spine ultrasound image. (d) Shadow enhancement result
of (c). In all the shadow-enhanced images, the shadow

region is denoted with dark blue, and soft tissue interface
between the ultrasound transducer and bone is denoted as
dark red



10 3D Ultrasound for Orthopedic Interventions 123

sound data into bone, soft tissue, and acoustic
shadow regions. Validation was performed on 2D
ultrasound scans collected from seven health vol-
unteers by scanning thoracic and lumbar regions
of the spine. The proposed method achieve a
classification rate of 85% for the spinous process,
92% for the acoustic shadow, and 91% for the
soft tissue. In [58], local phase information, sig-
nal attenuation map, and bone shadow features
were combined to create a new bone descriptor.
Validation was performed on 3D ultrasound in
vivo pelvic data collected from 18 trauma pa-
tients. The localization accuracy was obtained by
measuring the surface fit error against the gold
standard surfaces obtained from a preoperative
CT data. The reported error results for all the
18 subjects were under 1 mm with a computation
time of 0.26 s per slice. In [54], the segmenta-
tion problem was modeled as a graph modeling
approach. The authors used local phase informa-
tion, local patch image intensity statistics, shad-
owing, attenuation, local binary patterns, and
speckle statistics as features. Validation was per-
formed on 2D ultrasound data collected from
the forearm (radius, ulna), shoulder (acromion,
humerus tip), leg (fibula, tibia, malleolus), hip
(iliac crest), jaw (mandible, rasmus), and fingers
(phalanges). The reported accuracy was 86% for
1 mm error tolerance rate. Reported processing
time was 2 min per slice.

10.4.4 Bone Segmentation Based on
Machine Learning

With the increased success of machine learning-
based medical image segmentation methods,
some researchers have proposed new methods
for segmenting bone surfaces from ultrasound
data. In [6], the authors proposed random forest
classification for segmentation of bone surfaces.
The algorithm was validated on two large
datasets: dataset 1 contained 162 2D ultrasound
scans collected from 25 subjects, and dataset
2 contained 178 2D ultrasound scans collected
from 21 subjects. The datasets were collected
from two different research hospitals with a

specific clinical focus on the spine. The reported
segmentation, recall, and precision rates were
0.82 and 0.84, respectively, with a maximum
computation time of 0.6 s per slice. In a recent
work, same group has also investigated the use
of deep learning-based methods for segmenting
bone surfaces [7]. The authors used a modified
version of the convolutional neural network
(CNN) proposed in [62]. The quantitative
comparison, against their random forest method,
achieved improved segmentation results further
validating the strength of deep learning methods
over traditional machine learning approaches.
A deep learning method, based on modification
of [62], was also investigated by Salehi at al.
[64]. Validation performed on 2D ultrasound
data collected from healthy volunteers from
femur, tibia, and pelvis bone surfaces achieved
0.87 precision and recall rates. Bone localization
accuracy was not assessed.

10.5 Validation of Bone
Segmentation Methods

As explained in previous sections, bone surface
response in ultrasound has a certain thickness
due to imaging physics and manual operation
of the transducer. Figure 10.7 shows a typical
bone surface response profile. The region inside
the two surfaces shown in red denotes where the
actual bone surface is expected to be located.
Quantification of gold standard bone surface lo-
cations has been a difficult and challenging pro-
cess due to the difficulty of estimating where ex-
actly the actual bone surface is located inside this
response. Despite this difficulty the use of manual
expert segmentation still continues to be the main
method of validation. Once the two surfaces are
extracted, various distance metrics are used to
report segmentation and/or localization errors.
In Table 10.2 we list the distance metrics used
during validation in literature. Among the metrics
provided in Table 10.2, surface registration error
should be avoided for reporting segmentation ac-
curacy. We believe this metric is more suitable for
reporting the accuracy of the registration method
and not providing information about the accuracy
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Fig. 10.7 Bone segmentation validation. (a) B-mode ul-
trasound image of femur bone obtained in vivo. Green
rectangle is the region of interest where the bone surface
response is located. (b) Zoomed-in region (shown in (a)
inside the green rectangle). Region between the red lines

represent the thick bone surface response where the actual
bone surface resides. (c) Schematic plot for bone surface
segmentation validation. Green and red curves represent
automatically segmented and manual segmented bone
surfaces, respectively

Table 10.2 Bone surface
segmentation and/or
localization error metrics
used in proposed studies

Distance metric used Reference

Euclidean root mean square distance [58]

Surface registration error [58, 64]

Root mean square error [11, 48, 54]

Average euclidean distance [3, 4, 28, 40]

Average signed distance [30]

Hausdorff distance [3, 4, 54, 79]

of the segmentation. If the proposed method
involves the enhancement of the bone surfaces
from the ultrasound data (not localization or
segmentation), the surface registration error can
be used.

In order to avoid the manual segmentation
process, researchers have investigated the use of
phantom setups. In [30], a phantom was con-
structed for validation of the bone enhancement
method. The gold standard surfaces were ex-
tracted from the CT scan obtained by scanning
the constructed phantom using an XtremeCT
scanner (isometric resolution of 0.25 mm vox-
els). Gold standard surface was obtained by seg-
menting the CT scans. During the final step,
the extracted gold standard surface was regis-
tered to the ultrasound data using a fiducial-based
registration method. The challenge introduced
during registration-based validation methods is
the errors associated with the registration method
which should be taken into consideration. Ac-
curacy of bone segmentation from CT will also
affect this kind of validation setup. Furthermore,
phantom setups do not represent the full range
of imaging characteristics and anatomical and

pathological variations present in clinical data.
Registration-based validation methods should re-
port the errors associated with (1) the registra-
tion method used (target and fiducial registration
errors), (2) segmentation error associated with
segmenting bone surfaces from the CT data, and
(3) surface matching error which represents the
distance between the ultrasound bone surface and
the gold standard CT bone surface.

Different groups have also investigated the
use of tracked pointer devices for gold standard
surface extraction. In [44], a localized pointer,
tracked with an optical tracking system, was used
to extract the gold standard surface information.
However, this validation could only be performed
on ex vivo bovine or cadaver experiments since
the soft tissue interface connected to the bone
surface needs to be removed for data collection
which cannot be performed during in vivo scan-
ning. Tracker system accuracy should also be
considered during the pointer-based gold stan-
dard surface extraction.

Application of deep learning-based algorithms
to medical data is a growing research area which
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is also investigated in the context of bone seg-
mentation from ultrasound. Recently proposed
machine learning-based methods [6, 7, 64] have
only reported precision, recall, and F-scores of
the proposed algorithm. Surface distance error
related to the segmented surfaces were not re-
ported. Specific attention should be given to re-
port the segmentation errors of these methods.
This is of special importance while investigating
the overall accuracy of the proposed ultrasound-
based CAOS system. Deep learning methods re-
quire a larger dataset with expert label annota-
tions. Labels provided by experts for ultrasound
bone segmentation have a certain uncertainty, and
this will affect the accuracy of the deep learning
methods. One potential solution to this could be
to use multiple expert segmentations and provide
a probability map as the label. Regions where
the experts have mutual agreement can be repre-
sented with high probability, and regions where
there is large disagreement can be represented by
low probability.

During validation of the proposed segmenta-
tion methods, it is important to report one or
more surface localization error metrics, provided
in Table 10.2, together with precision and re-
call rates for the segmentation. In Fig. 10.7c we
provide a schematic plot on how the precision
and recall rates can be calculated from the true-
negative (TN), true-positive (TP), false-positive
(FP), and false-negative (FN) pixel values. In
Fig. 10.7c automatically extracted surface is rep-
resented with green curves, while expert segmen-
tation is represented with red curve. Since seg-
mented bone surfaces do not always overlap with
the gold standard surface, in order to calculate the
TP values, a distance threshold can be chosen.
Segmented pixels having a distance value below
the threshold can be assigned as TP pixels and
above the threshold value can be used as FP
pixels. Bone segmentation error will contribute
to the overall accuracy of the developed CAOS
system the segmentation error. Therefore, during
the selection of the threshold value, important
consideration should be given to pick a small
value (such as 1 or 0.5 mm) and avoid larger
values (such as 2 mm).

10.6 Discussions and Future
Trends

Imaging is one of the most important components
in all of the CAOS systems. In this chapter we
have described research efforts directed toward
the application of ultrasound, as an intraoperative
imaging modality, for various orthopedic proce-
dures. We have also discussed efforts on non-
surgical procedures, such as epidural anesthesia
or scoliosis monitoring, where the main focus is
on the use of this imaging modality for real-time
guidance and diagnostic assessment. Despite the
fact that ultrasound is one of the standard imag-
ing modalities for neurosurgery [50,77] or biopsy
procedures [35, 53], the clinical applicability of
ultrasound in CAOS procedures is very few. The
main reasons prohibiting the widespread accep-
tance of this modality in orthopedics are (1) diffi-
culties faced during the imaging of bone surfaces,
(2) high levels of speckle noise, (3) bone bound-
aries appearing several millimeters in thickness,
and (4) limited field of view. Furthermore, the
appearance of bone surface response profile in
the ultrasound data differs for each anatomical
bone region imaged. This can also be problematic
while scanning the same bone surface due to the
user-dependent imaging of ultrasound. Methods
have been proposed by various groups in order
to address some of these issues. In all the pro-
posed ultrasound-based CAOS procedures, the
segmented or enhanced bone ultrasound data
was registered with a preoperative plan usually
obtained from CT or MRI data. Promising initial
results were reported for various applications.
However, a robust and accurate bone segmenta-
tion or enhancement method able to work on var-
ious bone anatomy is still missing. Due to these
difficulties, a commercially available ultrasound-
guided CAOS system, validated on a large num-
ber of clinical trials, is currently not available.

One of the barriers remaining in the proposed
segmentation methods is related to the limited
number of validation studies performed. Most
of the methods are validated on scans obtained
from single anatomy bone region with a specific
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clinical focus. Once the anatomical region of
interest changes, due to different clinical focus,
the developed methods have difficulties in ob-
taining accurate segmentation results. One so-
lution to overcome this would be the use of
deep learning-based methods. A deep learning
method trained on millions of ultrasound data
might overcome majority of the difficulties men-
tioned earlier. Generalization of bone segmen-
tation validation methods is also an important
area which has not gained a lot of attention. The
gold standard segmentation has a large standard
deviation. As a result the accuracy of the segmen-
tation will have an equal amount of deviation. A
better validation could include the assessment of
inter- and intra-user variability errors and define
a new gold standard surface where the bone
surface could be represented as a probabilistic
surface rather than a single binary image. A joint
effort in order to construct a publicly available
database with gold standard expert segmentation
should also be investigated. This effort might also
result in the extension of the available number of
expert segmentations providing a large database
for improved assessment of inter-user variability
errors.

Development of advanced ultrasound image
acquisition and reconstruction algorithms is also
another area investigated by various research
groups and medical device companies. In [78],
compressed sensing-based beamforming is
proposed for reducing the sampling rate and
processing time of image acquisition leading
to sub-Nyquist sampling rate. In [47], ultrafast
ultrasound image acquisition method is presented
termed “functional ultrasound imaging.” The
developed system can capture 20,000 frames per
second, compared to the usual 50 frames per
second in conventional ultrasound scanners. This
promising direction will increase the widespread
applicability of 3D ultrasound in orthopedic
surgery as well.

Although access to radio-frequency (RF) ul-
trasound data is not available in most clinical
ultrasound machines, some research has focused
on the use of RF data for enhancement of bone
data [80]. Another potential new direction can
be the use of ultrasound strain imaging [37, 55].

Finally, with the new point of care ultrasound
imaging research, ultrasound transducer technol-
ogy is moving to a more mobile platform. Wire-
less or portable transducers pluggable to a USB
port of a laptop are becoming more widespread.
Integration of these portable transducers to an
existing imaging platform will be more easy
compared to a full ultrasound imaging system.
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11A Novel Ultrasound-Based Lower
Extremity Motion Tracking System
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Abstract

Tracking joint motion of the lower extremity
is important for human motion analysis. In
this study, we present a novel ultrasound-
based motion tracking system for measuring
three-dimensional (3D) position and orienta-
tion of the femur and tibia in 3D space and
quantifying tibiofemoral kinematics under dy-
namic conditions. As ultrasound is capable
of detecting underlying bone surface noninva-
sively through multiple layers of soft tissues,
an integration of multiple A-mode ultrasound
transducers with a conventional motion track-
ing system provides a new approach to track
the motion of bone segments during dynamic
conditions. To demonstrate the technical and
clinical feasibilities of this concept, an in vivo
experiment was conducted. For this purpose
the kinematics of healthy individuals were
determined in treadmill walking conditions
and stair descending tasks. The results clearly
demonstrated the potential of tracking skeletal
motion of the lower extremity and measuring
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six-degrees-of-freedom (6-DOF) tibiofemoral
kinematics and related kinematic alterations
caused by a variety of gait parameters. It was
concluded that this prototyping system has
great potential to measure human kinematics
in an ambulant, non-radiative, and noninvasive
manner.

Keywords

Joint motion tracking · A-mode ultrasound ·
Knee · Kinematics · Lower extremity · Gait
analysis

11.1 Introduction

Measuring skeletal motion occurring in the hu-
man joints is important to understand the func-
tions of human joints [1], to assist the pathologi-
cal diagnoses [2] and to monitor the actual three-
dimensional (3D) positions of bone segments
during surgeries [3] (e.g., total hip arthroplasty
[4] (THA), total knee arthroplasty [5, 6] (TKA))
and to assess the outcomes of treatments [7,
8]. Skeletal kinematic data may be used in mo-
tion analyses combined with biomechanical mod-
eling, e.g., musculoskeletal models for inverse
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dynamics approaches [9, 10]. Hence, a valid rep-
resentation of actual skeletal motion and an accu-
rate skeletal kinematics estimation is important
in the fields of orthopedic research and human
motion analysis [11]. However, the fact is that
human skeletal structures are not exposed to the
outside environment but are surrounded by the
soft tissues (the muscles, the fat, the skin, etc.).
Therefore, an effective measuring technique that
could directly or indirectly detect the motion of
the bone is necessary to monitor and trace the
movements of bone segments underlying the skin
surface [12, 13].

Currently, skin-mounted markers are widely
used in human motion analysis to estimate
the motions of bones by assuming no relative
motions between the skin and bone [14].
However, this method is subject to soft tissue
artifacts (STA) because the markers attached
on the skin cannot represent the actual motions
of underlying bone segments [15]. It has been
reported that STA can cause measurement errors
of markers up to 30 mm in the thigh [16]. The
propagation of STA to knee joint kinematics has
been reported to lead to average rotational errors
of up to 4.4◦ and 13.1◦ and average translational
errors of up to 13.0 mm and 16.1 mm for walking
and cutting motions, respectively [17]. Although
many researchers attempted to compensate for
the STA by computer modeling [13, 18–24],
no significant improvement has been found in
previous studies [12].

With the development of medical imaging
technologies, fluoroscopic systems have been uti-
lized to capture high accurate joint kinemat-
ics in the prosthetic measurement for TKA pa-
tients [25–27]. However, high cost, cumbersome
setup, and limited field of view (FOV) impede
routine usage in the clinical setting. Recently,
several groups have been working on the de-
velopment of mobile fluoroscopy systems [28,
29]. Although using a robotic trolley or gantry
carrying the fluoroscopic system following the
movement of subject extends the FOV, the radia-
tion exposure to the subject remains inevitable.
Recently advanced four-dimensional (4D) MRI
[30–32] and CT [33, 34] techniques have been
reported to track the bone motion and to quantify

the respective joint kinematics inside the scan-
ners [30–32]. The disadvantages of this method
are the limited FOV, limited sample rate, and
the inability to measure kinematics during daily
activities.

Besides abovementioned image modalities,
ultrasound serves as a noninvasive and non-
radiative imaging method to observe the soft
tissues and internal organs in various clinical
applications [35]. In addition, ultrasound is
also capable of detecting bone surfaces through
multiple layers of soft tissues [36]. Utilization
of an ultrasound transducer combined with a
surgical navigation system to accomplish the
intraoperative registration of bone segments has
been reported in computer-assisted orthopedic
surgeries [37–39]. Due to its capability of
detecting a bone surface under dynamic
motions, the combination of multiple ultrasound
transducers with conventional motion capture
markers provides a new approach to estimate the
3D positions and orientations of bone segments
and to quantify related joint kinematics. The
bone detections (i.e., depths from the skin to
bone) accompanied with corresponding spatial
positions (3D coordinates of the ultrasound
transducers) provide sufficient information
to reconstruct the 3D bone motion per time
frame without the effect of STA that exists in
skin-mounted marker measurements. In vitro
validation of this concept has been investigated
for the knee joint in a previous study [40], which
showed a relative high accuracy on the estimated
tibiofemoral kinematics. The comparison with
conventional skin-mounted markers measure-
ment also has been conducted to assess the
performance against widely used skin markers
measurements. The ultrasound tracking system
showed high accuracy in estimated 3D bone
positions and quantified six-degrees-of-freedom
(6-DOF) joint kinematics (maximum root-mean-
square (RMS) error 3.44◦ for rotations and 4.88
mm for translations). However, to evaluate the
capability of tracking knee joint motions and
quantifying 6-DOF tibiofemoral kinematics of a
variety of daily activities for living subjects is a
crucial step to explore its technical and clinical
implementation.
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The aim of this study was to demonstrate and
assess the in vivo capability of our proposed
ultrasound tracking system when healthy sub-
jects performed several daily activities, including
treadmill walking at three different speeds and
stair descent. We expected that kinematics alter-
ations caused by different imposed gait param-
eters could also be identified by the ultrasound
tracking system.

11.2 Methods

11.2.1 Participants

Five subjects (five males, age 37 ± 10 years,
height 180 ± 8 cm, weight 75.4 ± 14.1 kg)
participated in this study. Although only one
subject had a meniscus operation four years ago,
there was no influence and/or complaints on
performing exercises reflecting daily activities
as conducted during this experiment. The other
subjects have no history of injury, treatment, or
disorder affecting knee and hip functions. All
subjects gave written informed consent. Prior
to the experiment, each subject had an MRI
scan using a Philips INGENIA 3T (BEST, the
Netherlands) with a voxel size of 0.5 mm ×
0.5 mm × 1 mm at the Radiology Department
of Academisch Medisch Centrum (AMC, Am-
sterdam, Netherlands). After the MRI scan, the

obtained MRI images were segmented manually
to generate subject-specific geometrical surface
models of the femur and tibia using Mimics 17.0
(Materialise N.V., Leuven, Belgium), which were
exported in STL format. The femoral and tibial
anatomical reference frames (ARF) were then
defined based on obtained bone geometries using
a method previously described [41]. Approval of
this study (2017-3578) was obtained from the
Ethical Committee at the Radboud University
Medical Center (RUMC).

11.2.2 Ultrasound Tracking System

The ultrasound tracking system consisted of a
conventional motion tracking system and an
ultrasound signal acquisition system. In this
study, we used Visualeyez VZ4000v system (PTI
Phoenix Technologies Inc., Vancouver, Canada)
equipped with two trackers to provide spatial
positioning (see Figs. 11.1 and 11.2) with less
than 0.5 mm RMS error [42]. The ultrasound
signal and marker positioning information was
collected and synchronized in the Diagnostic
Sonar FI Toolbox (Diagnostic Sonar Ltd,
Livingston, UK) with 2.3 GHz CPU (Intel Core
i7-3610QE) and 8GB RAM with a custom
acquisition program written by LabVIEW
(National Instruments, Austin, Texas, USA).
Thirty A-mode ultrasound transducers (7.5 MHz,

Fig. 11.1 (a) A side view of experimental setup, includ-
ing two Visualeyez trackers to track the optical markers on
ultrasound holder; (b) a front view of experimental setup,

one subject wore all ultrasound holder and performed
a treadmill walking task; (c) a subject performed stair
descent with the ultrasound tracking system measurement
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Fig. 11.2 A schematic representation of the experimen-
tal setups for treadmill walking (left) and stair descent
(right). Two Visualeyez trackers were used to record
the spatial information of attached ultrasound holders.

Diagnostic Sonar FI Toolbox received all raw ultrasound
signals and was synchronized with collected spatial infor-
mation from Visualeyez trackers

Fig. 11.3 A schematic representation of the A-mode ultrasound system to quantify tibiofemoral kinematics from
obtained point cloud. Also shown is the placement of ultrasound holders on the right leg

focus at 2.5 cm, Imasonic SAS, Voray/l’Ognon,
France) and 27 active optical markers (tracked
by Visualeyez system) were installed into the
custom ultrasound holders. The ultrasound
holders cover various anatomical areas on the
lower extremity, including ankle, middle shaft
of tibia, tibial condyles, femoral epicondyles,
middle thigh, and great trochanter (Fig. 11.3).
The ultrasound holders were designed in
SolidWorks (Waltham, Massachusetts, USA)
and manufactured using polyamide powder

material in 3D printer (EOS Formiga P110,
EOS GmbH, Krailling, Germany) to insure high
accuracy on their 3D geometrical structures for
maintaining the strength, rigidity, and stability.
Therefore, the spatial relations between each
A-mode ultrasound transducer and each optical
marker were known parameters. Hence no further
physical calibration is required as this is build-in
design.

The US transducers attached to the cus-
tomized ultrasound holders reproduce the
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necessary information (i.e., the 3D discrete
point cloud) to reconstruct bone motion
through the obtained raw ultrasound signals
and spatial information. A brief description of
this processing can be found in our previous
paper [40]. The ultrasound detected point can
be digitalized through the known origin and
pointing direction of each ultrasound transducers
and the related spatial relation between each
optical marker, when the depth of bone surface
is obtained. For each subject, the anatomical
landmarks (ankle, middle shaft of tibia, tibial
condyles, femoral epicondyles, middle thigh,
great trochanter) were manually digitalized in
the segmented bone models, which will be used
in point cloud registration. The yielded discrete
point cloud was fed to a registration algorithm,
using a modified weighted iterative closest point
algorithm [43, 44] to get the transformations
from the original geometrical surface models
to the actual 3D positions and orientations of
bone models in the laboratory coordinate system.
The raw ultrasound signals from 30 (15 for the
femur and 15 for the tibia) A-mode ultrasound
transducers and the raw 3D coordinates of 27
optical markers were synchronized and recorded
at 45 Hz sample rate. Thus the 3D discrete point
cloud was reproduced in 45 Hz sample rate
during experiment. The respective tibiofemoral
kinematics were derived from the method based
on the ISB recommendations [45, 46].

11.2.3 Experiments

The ultrasound holders were attached to the right
leg of each subject and were fixated by using
skin tapes in order to cover all needed anatomical
areas without any hindrance during movements.
After attaching all ultrasound holders, each sub-
ject performed two sets of trials: (1) walking
at three different imposed speeds (1 km/h, 2
km/h, and 3 km/h) on the treadmill and (2) stair
descent from two consecutive stairs (first stair,
18 cm height; second stair, 21cm height, next
to the ground). For treadmill walking, at least
five gait cycles were recorded for each trial. For
the stair-descent trial, each subject was asked to

repeat three times for stair-descent trial and was
always asked to step the right leg at first for
each stair. It took about one and a half hours to
complete an experiment of one subject, including
attachment of ultrasound holders to the subject,
the calibration procedure, and all measurements
of all trials.

11.2.4 Data Processing

After all experiments, 3D knee joint motions
and 6-DOF tibiofemoral kinematics were cal-
culated for all trials over all gait cycles and
three repeated stair-descent cycles. The calcu-
lated 6-DOF tibiofemoral kinematics of treadmill
walking were averaged across five subjects un-
der imposed three treadmill speeds. The mean
and standard deviation across five subjects of
calculated 6-DOF tibiofemoral kinematics for
the stair-descent cycles were illustrated as the
functions of percentage of two-stair descending
(100% represent one complete cycle of one-stair
descending; thus completed cycle is 200%).

To demonstrate the capability of detecting
the bony surfaces from different anatomical ar-
eas and the capability of detecting the changes
of depth of detected bone surface caused by
soft tissue deformation, several M-mode (motion
mode) ultrasound images were generated. M-
mode image is defined as motion display of the
ultrasound wave along a chosen ultrasound line
(in our case, a single ultrasound transducer ele-
ment) during a time period. Its x-axis represents
the number of samples. Its y-axis represents the
intensity of received echo in a color map. It
provides a two-dimensional view of the depth
changes.

11.3 Results

The mean of 6-DOF tibiofemoral kinematics
across five subjects under imposed three different
treadmill speeds are illustrated in Fig. 11.4
The mean ± standard deviation of 6-DOF
tibiofemoral kinematics across five subjects
during stair descending is shown in Fig. 11.5.
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Fig. 11.4 Averaged 6-DOF tibiofemoral kinematics across five subjects for imposed three different speeds: 1 km/h
(red line), 2 km/h (green line), and 3 km/h (blue line)

11.3.1 Treadmill Walking

The largest rotation motion was flexion-
extension, followed by external-internal rotation
and adduction-abduction. The peak knee flexion
at the swing phase increased with increasing
imposed speed. At heel strike, the knee was
not fully extended (reach 0◦) at all three
imposed speeds. As the imposed treadmill speed

increased, the extension angle of the knee joint
increased at heel strike. The knee joint distraction
started to increase from the heel strike and
reached the peak until the swing phase started.
Walking at the lowest imposed speed resulted in
the smallest range of motion (ROM) for all 6-
DOF kinematics compared to a higher imposed
speed. We illustrated the M-mode images in two
groups: (1) several anatomical areas at thesame
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Fig. 11.5 6-DOF tibiofemoral kinematics for two con-
secutive stairs descending across five subjects. The solid
line represents the mean data while the shaded areas
represent ± 1 standard deviation from the mean. One

hundred percent of stair descending cycle represents the
completion of the first floor. Two hundred percent of stair
descending cycle represents the completion of the second
floor

treadmill speed (lateral side of middle femur,
anterior side of middle femur, femoral lateral
epicondyle, medial side of middle tibia at 1
km/h) and (2) three different treadmill speeds of
an identical location (lateral side of middle femur
at 1, 2, 3 km/h).

11.3.2 Stair Descending

The mean flexion angle across five subjects
reached the first peak (35.1◦) during stepping
down the first stair (18 cm) and reached the
second peak (41.0◦) during stepping down the
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Fig. 11.6 Left: the examples of six M-mode images
of one subject: x-axis of M-mode image represents the
number of samples, y-axis of M-mode image represents
the intensity of received ultrasound echo in a color map;
(a, b, c) the M-mode images for lateral side of middle
femur location at 1 km/h, 2 km/h, and 3km/h, respectively;

(d) the M-mode image for anterior side of the middle
femur at 1km/h; (e) the M-mode image for femoral lateral
epicondyle at 1km/h; (e) the M-mode image for medial
side of middle tibia at 1km/h; right: the illustration of
abovementioned anatomical locations on the femur and
tibia

second stair (21 cm). The knee joint distraction
started to decrease when the right leg reached
the next floor level and started to flex the knee to
support the increasing pressure on the right knee.
When the contralateral foot reached the same
floor, the joint distraction began to increase until
flexion angle was as the same as neutral standing.
The similar changing pattern of joint distraction
happened during stepping down to the second
floor level.

11.3.3 M-mode Images

The examples of several M-mode images of one
subject were illustrated in Fig. 11.6. The fre-
quency of depth changing on the lateral side of
middle femur was increased with the increase
on the imposed treadmill speed. The changing
range of depth also increased with the increases
of speed. The depth changing at same speed was
different for various anatomical locations. The
depth changing of medial side of middle tibia

had the smallest, since the thickness of soft tissue
is the smallest compared to other locations. The
anterior and lateral sides of the middle femur
had the large variation in detected bone depth, as
the thickness of soft tissue is the largest to other
location.

11.4 Discussions

We presented a novel method to dynamically
track the knee joint motion and to quantify 6-
DOF tibiofemoral kinematics in a noninvasive
and non-radiative manner. The combination of
multiple A-mode ultrasound transducers with a
conventional motion capture system provides an
alternative method to capture skeletal motions
and kinematics with mitigating the effect of
STA. In this study, the in vivo capability of our
proposed ultrasound tracking system to measure
knee joint motion and to quantify 6-DOF
tibiofemoral kinematics was demonstrated in two
motor tasks of daily activities. The kinematic
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alterations caused by different gait parameters
have also been identified by ultrasound tracking
system. The peak flexion angle during swing
phase on treadmill walking reduced apparently
when participants walked at the slow imposed
speed, which is in accordance with the findings
in previous study [47]. Similarly, a smaller
ROM was associated with a lower imposed
speed during walking for all 6-DOF tibiofemoral
kinematics [47]. The patterns of obtained 6-DOF
tibiofemoral kinematics on the treadmill waking
were in accordance with those of previous
tibiofemoral kinematic outcome derived from
a mobile fluoroscopy system [48]. For the
stair descending, the peak flexion angle was
correlated with the height of the stair level. The
kinematic alterations caused by small changes
of gait parameters could be recognized by our
ultrasound tracking system, which proves a
certain extent of sensitivity of ultrasound tracking
system.

The novelty of this study lies in the secondary
development of existed techniques, i.e., motion
capture and ultrasound imaging. Taking advan-
tage of ultrasound techniques extends the range
of detection of a conventional motion capture
system from superficial skin surface tracking to
internal bony surface tracking. As a consequence,
the sufficient spatial information (trajectories) of
bony segments under the skin surface contributes
to the accurate bone motion tracking and accurate
kinematic estimation.

When comparing the ultrasound tracking sys-
tem to the conventional skin-mounted markers
measurement, the advantage is the removal of
STA on the measurement data and its propagation
on kinematic outcomes [49]. As demonstrated
in the examples of M-mode images, A-mode
ultrasound transducers has the capability of de-
tecting the depth changing of bone surfaces on
different anatomical areas. The capability could
improve the validity of representing actual bone
movement, since the trajectories of bone sur-
faces will be measured instead of superficial
skin surfaces. A comparison with a skin-mounted
marker measurement in a cadaveric setting has
been conducted in our previous study. However,
a critical comparison with a skin marker system

under in vivo conditions is necessary, particu-
larly if a ground truth method (e.g., an advanced
mobile fluoroscopy system) [28, 29] can be in-
corporated. Currently, the FOV of our system
is the same as the conventional motion capture
systems, since it only depends on the FOV of the
employed motion capture system. In addition, the
length of the cables connected to the ultrasound
transducers also restricts the maximum dynamic
motion range. However, this aspect can be solved
reasonably easy by extending the length of cables
or employing an ambulant acquisition terminal
instead of a stand-alone desktop computer on the
side.

This work has several limitations:

Firstly, no “ground truth” measurement was em-
ployed during experiment. There is no a non-
invasive and non-radiative method to obtain
the ground truth of movements (walking and
stair descent). Available methods like intra-
cortical bone pins and fluoroscopic systems
could potentially harm the subjects. An in vivo
validation study will be completed in the near
future so that the results would facilitate the
improvements of current system and provide
valuable comparisons with existed techniques.

Secondly, only five healthy subjects were in-
volved in this study. Ideally, a cohort of living
subject covering different patients and healthy
groups with different sizes and BMIs accom-
panied with a ground truth measurements as a
reference (e.g., advanced mobile fluoroscopy
system) [28, 29] could provide more valuable
information with regard to the pathological
patterns on kinematics.

Thirdly, a standardized definition of the femoral
and tibial ARF across different subjects is
imperative for 6-DOF joint kinematics anal-
ysis. Since the discrepancies of the defined
femoral and tibial ARF among different sub-
jects caused the deviations on all 6-DOF kine-
matic outcomes and patterns for various motor
tasks. In further study, a standardized defini-
tion of femoral and tibia ARF across different
subjects should be proposed in order to elim-
inate the intrinsic variations among defined
femoral and tibial ARF.



140 K. Niu et al.

Fourthly, it has been shown that gait patterns on
a treadmill are different to freely normal level
walking [48]. However, in this study, the focus
was on the demonstration of knee joint mo-
tion tracking during dynamic movements and
detecting the kinematic alterations caused by
different imposed treadmill speed and heights
of staircase. Treadmill speed is a convenient
parameter to change under a highly controlled
scenario.

Fifthly, the cables and skin tapes may influence
the nature gait pattern for individuals. In the
future, we are aiming to develop a miniature
and lightweight system toward a wearable
measurement system that would facilitate its
implementation in the clinic. Furthermore, fu-
ture study will also focus on the improvement
of designing the ultrasound holders in term of
lighter, smaller, user friendly, and ergonomic
design. These improvements on designs of
ultrasound hold would be beneficial to popu-
larize our system in a broader application field
and to facilitate the usage among a cohort of
subjects.

In summary, we developed an alternative, ul-
trasound tracking system that is capable of mea-
suring knee joint motion. Hence, we conclude
that this prototyping system has great potential to
measure human kinematics in an ambulant, non-
radiative, and noninvasive manner.
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12Computer-Assisted Planning,
Simulation, and Navigation System
for Periacetabular Osteotomy

Li Liu, Klaus Siebenrock, Lutz-P. Nolte, and Guoyan Zheng

Abstract

Periacetabular osteotomy (PAO) is an
effective approach for surgical treatment
of hip dysplasia in young adults. However,
achieving an optimal acetabular reorientation
during PAO is the most critical and
challenging step. Routinely, the correct
positioning of the acetabular fragment largely
depends on the surgeon’s experience and
is done under fluoroscopy to provide the
surgeon with continuous live x-ray guidance.
Our developed system starts with a fully
automatic detection of the acetabular rim,
which allows for quantifying the acetabular
3D morphology with parameters such
as acetabular orientation, femoral head
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extrusion index (EI), lateral center-edge
(LCE) angle, and total and regional femoral
head coverage (FHC) ratio for computer-
assisted diagnosis, planning, and simulation of
PAO. Intraoperative navigation is conducted
to implement the preoperative plan. Two
validation studies were conducted on four
sawbone models to evaluate the efficacy of the
system intraoperatively and postoperatively.
By comparing the preoperatively planned
situation with the intraoperatively achieved
situation, average errors of 0.6◦ ± 0.3◦,
0.3◦ ± 0.2◦, and 1.1◦ ± 1.1◦ were found,
respectively, along three motion directions
(flexion/extension, abduction/adduction,
and external rotation/internal rotation). In
addition, by comparing the preoperatively
planned situation with the postoperative
results, average errors of 0.9◦ ± 0.3◦ and
0.9◦ ± 0.7◦ were found for inclination and
anteversion, respectively.

Keywords

Hip dysplasia · Periacetabular osteotomy
(PAO) · Planning · Simulation · Navigation ·
Image-guided surgery · Joint preservation
surgery
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12.1 Introduction

Developmental dysplasia of the hip joint is a
prearthrotic deformity resulting in osteoarthritis
at a very young age. Periacetabular osteotomy
(PAO) is an effective approach for surgical treat-
ment of painful dysplasia of the hip in younger
patients [1]. The aim of PAO is to increase
acetabular coverage of the femoral head and to
reduce contact pressures by realigning the hip
joint [2, 3]. However, insufficient reorientation
leads to continued instability, while excessive re-
orientation correction would result in femoroac-
etabular impingement (FAI) [4, 5]. Therefore, a
main important factor for clinical outcome and
long-term success of PAO is to achieve an opti-
mal acetabular reorientation [6]. The application
of computer-assisted planning and navigation in
PAO opens such an opportunity by showing its
potential to improve surgical outcomes in PAO.
Abraham et al. [7] reported an experimental ca-
daveric study to investigate the feasibility of
preoperative 3D osteotomy planning and acetab-
ular fragment repositioning in performing in-
traoperatively navigated PAOs. Hsieh et al. [8]
assessed the efficacy of the navigated PAO pro-
cedure in 36 clinical cases using a commer-
cially available navigation application for total
hip arthroplasty (THA) (VectorVision, BrainLab
Inc., Westchester, IL). Langlotz et al. [9] de-
veloped the first customized navigation system
for PAO and applied it in 14 clinical cases.
However, this system is only limited to intra-
operative navigation and does not incorporate
the preoperative planning module. More recently,
Murphy et al. [10] developed a computer-assisted
biomechanical guidance system (BGS) for per-
forming PAO. The system combines geometric
and biomechanical feedback with intraoperative
tracking to guide the surgeon through the PAO
procedure. In this paper, we present a validation
study of a novel computer-assisted diagnosis,
planning, simulation, and navigation system for
PAO. It is hypothesized that the preoperative
plan done with our system can be achieved by
the navigated PAO procedure with a reasonable
accuracy.

12.2 Materials and Methods

12.2.1 System Workflow

The computer-assisted diagnosis, planning, sim-
ulation, and navigation system for PAO consists
of three modules as shown in Fig. 12.1.

• Model generation module. 3D surface models
of the femur and the pelvis are generated by
fully automatic segmentation of the preopera-
tively acquired CT data.

• Computer-assisted diagnosis, planning, and
simulation module. The aim of this module
is first to quantify the 3D hip joint mor-
phology for a computer-assisted diagnosis of
hip dysplasia and then to plan and simulate
the reorientation procedure using the surface
models generated from the model generation
module. It starts with a fully automatic detec-
tion of the acetabular rim, which allows for
computing important information quantifying
the acetabular morphology such as femoral
head coverage (FHC), femoral head extrusion
index (EI), lateral center-edge (LCE) angle,
version, and inclination. This module then
provides a graphical user interface allowing
the surgeon to conduct a virtual osteotomy
and to further reorient the acetabular fragment
until an optimal realignment is achieved.

• Intraoperative navigation module. Based on
an optical tracking technique, this module
aims for providing intraoperative visual feed-
back during acetabular fragment osteotomy
and reorientation until the preoperatively
planned orientation is achieved.

12.2.2 Fully Automatic
Segmentation of Hip

In our study, given an unseen hip CT image of the
target patient, the associated pelvic surface model
and a set of acetabular rim points are obtained by
using an in-house developed fully automatic hip
CT segmentation method MASCG [11]. More
specifically, in the first step, a multi-atlas fusion
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Fig. 12.1 Schematic view of our computer-assisted planning and navigation system for PAO

scheme is used to get an initial segmentation of
the pelvis. Each atlas consists of a CT volume,
manual segmentation of pelvis, and a set of
predefined acetabular rim points. By performing
registrations between the atlases and the target
image using a hybrid registration method as de-
scribed in [11], all the atlases can be aligned to
the target image space. The initial segmentation
of the pelvis is then obtained by deforming and

fusing the manual segmentation of a selected
subset of atlases. Similarly, the acetabular rim
points are obtained by transforming and fusing
the predefined rim point of these selected atlases.
In the second step, by using a graph-cut con-
strained graph-search method, the initial segmen-
tation of the pelvis is further modified, and from
the modified binary segmentation, we generate
the associated pelvic surface model which is
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used in the following study. Each acetabular rim
point is also refined by replacing itself with the
associated closet point on the generated pelvic
surface model. For more details, we refer to [11].

12.2.3 Computer-Assisted Diagnosis
of Hip Dysplasia

Accurate assessment of acetabular morphology
and its relationship to the femoral head is essen-
tial for hip dysplasia diagnosis and PAO plan-
ning. After pelvic and femoral surface models
are input to our system, the pelvic local coor-
dinate systems is established using anatomical
landmarks extracted from the CT data which
is defined on the anterior pelvic plane (APP)
using the bilateral anterior superior iliac spines
(ASISs) and the bilateral pubic tubercles [12].
After local coordinate system is established, a
fully automatic detection of the acetabular rim
is conducted using an aforementioned method
[26] (see Fig. 12.2a). As soon as acetabular rim
points are extracted, least-squares fitting is used
to fit a plane to these points (see Fig. 12.2b).
The normal of the fitted plane is defined as the
orientation of acetabulum −→

n CT .The fitted plane
then allows for computing acetabular inclination
and anteversion [13] (see Fig. 12.2c, d). Addi-
tional hip morphological parameters such as the

3D LCE angle, the 3D femoral head EI, the
FHC, the anterior coverage of femoral head (AC),
and posterior coverage of femoral head (PC) are
computed as well (see Fig. 12.2e–i). LCE is de-
picted as an angle formed by a line parallel to the
longitudinal pelvic axis defined on the APP and
by the line connecting the center of the femoral
head with the lateral edge of the acetabulum
according to Wiberg [14]. Femoral head EI is
defined as the percentage of uncovered femoral
head in comparison to the total horizontal head
diameter according to Murphy et al. [15]. FHC is
defined to be a ratio between the area of the upper
femoral head surface covered by the acetabulum
and the area of the complete upper femoral head
surface from the weight-bearing point of view
[16]. The 3D measurements of FHC used in this
system are adapted from our previous method
reported in [17]. The difference is that our cur-
rent method [18] is based on native geometry
of the femoral head. In contrast, our previous
work assumed that the femoral head is ideally
spherical [17]. In normal hips the assumption is
valid since the femoral head is spherical or nearly
so. However, in dysplastic hips, the femoral head
may be elliptical or deformed [19]. Thus the
method [18] used in this system is more accurate
than the method that we introduced in [17]. Here
the FHC is calculated with following algorithm.
The inputs to this algorithm are femoral surface

Fig. 12.2 Computing 3D morphological parameters of
the hip joint. (a) Fully automatic acetabular rim detection;
(b) least-squares fitting plane of acetabular rim and the
orientation of acetabulum −→

n CT ; (c) acetabular inclina-
tion; (d) acetabular anteversion; (e) lateral center-edge

angle (LCE); (f) femoral head extrusion index (EI); (g)
femoral head coverage (FHC); (h) anterior coverage of
femoral head (AC); (i) posterior coverage of femoral head
(PC)
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Fig. 12.3 3D measurement of the FHC. (a) The superior
surface of the native femoral head (approximated with
blue triangle meshes) and the opposing acetabular surface
are major weight-bearing areas; (b) cranial rim points of
the acetabulum and the superior hemisphere are projected
onto the axial plane to produce a circle and a curved line

(the projected acetabular rim contour) cutting across it; (c)
a topographical image on the axial plane represents the
femoral head with its covered (green area) and uncovered
(white area) parts; (d) the percentage of FHC is calculated
as a ratio between the green area and the sum of the green
and the white areas on the femoral head

model, acetabular rim points, and the axial plane
which is perpendicular to the APP and passes
through the femoral head center.

– Step 1: Only the superior weight-bearing sur-
face of the femoral head is used to estimate
coverage as shown in Fig. 12.3a. The cranial
rim points of the acetabulum and the superior
hemisphere are both projected on to the axial
plane to produce a circle and a curved line
(the projected acetabular rim contour) cutting
across it (Fig. 12.3b).

– Step 2: A topographical image is generated
on the axial plane which represents the total
femoral head. The covered and uncovered ar-
eas are separated by the projected acetabular
rim contour. The green and white areas rep-
resent covered and uncovered parts, respec-
tively, (Fig. 12.3c).

– Step 3: The percentage of FHC is calculated
as a ratio between the area of covered part and
the area of the total femoral head (see Fig. 3d
for details).
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12.2.4 Computer-Assisted Planning
and Simulation of PAO
Treatment

An in silico PAO procedure is conducted with
our system as follows. First, since the actual
osteotomies don’t need to be planned as an ex-
act trajectory, a sphere is used to simulate os-
teotomy operation. More specifically, the cen-
ter of femoral head is taken as the center of
the sphere whose radius and position can be
interactively adjusted along lateral/medial, cau-
dal/cranial, and dorsal/ventral directions, respec-
tively, in order to approximate actual osteotomy
operation (see Fig. 12.4a). After that, the in sil-
ico PAO procedure is conducted by interactively
changing the inclination and the anteversion of
the acetabulum fragment (see Fig. 12.4b). During
the acetabulum fragment reorientation, 3D LCE
angle, EI, FHC, AC, and PC are computed in real
time based on the reoriented acetabulum frag-
ment and showed at the bottom of the screen (see
Fig. 12.4b). Once the morphological parameters
of normal hip are achieved (inclination, 45◦ ± 4◦,
[37◦–54◦] [20]; anteversion, 17◦ ± 8◦, [1◦–31◦]
[20]; LCE > 25◦ [21]; FHC, 73% ± 4% [66–
81%] [20]), the planned morphological parame-
ters are stored and subsequently transferred to the
navigation module as explained in details in the
following section.

12.2.5 Intraoperative Surgical
Navigation

Navigated PAO surgical intervention is described
as follows: Before the acetabular fragment is
osteotomized, the pelvis is attached with a dy-
namic reference base (DRB) in order to register
the surgical anatomy to the pelvis surface model
generated from a preoperatively acquired CT data
(see Fig. 12.5a, b). After that, CT-patient reg-
istration based on a so-called restricted surface
matching (RSM) algorithm [22] is conducted,
which mainly consists of a paired point matching

followed by a surface matching (see Fig. 12.5b).
Specifically, the paired point matching is based
on the alignment process of pairs of anatomical
landmarks. In a preoperative step, four anatomi-
cal landmarks (bilateral ASISs and the bilateral
pubic tubercles) are determined on the pelvic
model segmented from CT data. Intraoperatively,
the corresponding landmarks on the patient are
digitized using a tracked probe. The digitized
points are defined in the coordinate system of
the DRB, which is rigidly fixed onto the pelvis.
Then the surface matching computes the regis-
tration transformation based on 20–30 scattered
points around the accessible surgical site that is
matched onto a surface of a pelvic model (see
Fig. 12.5b). After registration, the osteotomes are
calibrated using a multi-tools calibration unit in
order to determine the size and orientation of
the blade plane (see Fig. 12.5c). The tip of the
osteotome is shown in relation to the virtual bone
model, axial, sagittal, and coronal views of the
actual CT dataset. The cutting trajectory is visu-
alized in real time by prolongation of the blade
plane of the osteotome. Thus the osteotomies
can be performed in a controlled manner, and
complications such as intraarticular penetration
and accidental transection of the posterior col-
umn can be avoided [2] (see Fig. 12.5d). After
the acetabular fragment is mobilized from the
pelvis, another DRB is anchored to the acetab-
ulum area for intraoperative tracking, thereby the
acetabular reorientation can be supported by the
navigation module. The navigation system can
provide interactive measurements of acetabular
morphological parameters and image-guidance
information, which instantaneously updates the
virtual display, current position and orientation
parameters of the acetabulum, and the planned
situation (inclination and anteversion angles) de-
rived from the preoperative planning module.
The surgeon repositions the acetabulum by con-
trolling its inclination and anteversion angle in
order to determine whether the current position
achieves the preoperatively planned position or
further adjustment is required (see Fig. 12.5e).
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Fig. 12.4 In silico PAO surgical procedure in our PAO
planning system. (a) Virtual osteotomy operation is done
with a sphere, whose radius and position can be inter-
actively adjusted; (b) virtual reorientation operation is
done by interactively adjusting anteversion and inclination

angle of the acetabulum fragment. The hip morphological
parameters (inclination, anteversion, LCE, EI, FHC, AC,
and PC) are then computed based on the reoriented ac-
etabulum fragment and showed at the bottom of the screen

After successful repositioning, preliminary K-
wire fixation and finally definitive screw fixation
are conducted [23]. In this sawbone model study,
a 3D articulated arm (Fisso 3D Articulated Gag-
ing Arms, Switzerland) is employed to anchor the
fragment for navigation accuracy validation (see
Fig. 12.5a).

12.3 Study Design

In order to validate this newly developed plan-
ning and navigation system for PAO, two vali-
dation studies were designed and conducted on
four sawbone models. The purpose of the first
study is to evaluate the intraoperative accuracy
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Fig. 12.5 Intraoperative PAO surgical navigation. (a)
Setup of the navigated PAO surgery where two dynamic
reference bases (DRBs) with reflective spheres are at-
tached to both the iliac crest and the acetabular fragment;
(b) the areas of the pelvis acquired with the tracked probe
to perform the RSM registration; (c) osteotome calibration
where the green part represents the blade plane of the

osteotome and the yellow part represents the prolongation
of the blade plane; (d) screenshot of CT-based osteotomy
guidance where the tip of the osteotome is displayed on
axial, sagittal, and coronal views of the CT dataset, and
a cutting trajectory is displayed on the bony model; (e)
screenshot of navigated reorientation procedure

and reliability of navigation system. The second
study is designed to evaluate whether the ac-
etabulum repositioning based on navigated PAO
procedure can achieve the preoperative planned

situation by comparing the measured acetabular
orientation parameters between preoperative and
postoperative CT data.
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In the first study, preoperative planning was
conducted with the PAO planning module. Sub-
sequently the intraoperative navigation module
was used to track acetabular and pelvic frag-
ments, supporting and guiding the surgeon to
adjust the inclination and anteversion angles of
acetabulum interactively. Acetabular reorienta-
tion measured by the inclination and anterversion
angles can be planned preoperatively and subse-
quently realized intraoperatively without signifi-
cant difference. In order to assess the error differ-
ence between the preoperatively planned and the
intraoperatively achieved acetabular orientation,
we compared the decomposed rotation compo-
nents derived from the acetabular fragment reori-
entation between the planned and intraoperative
situations.

In the following, all related coordinate sys-
tems are first defined (see Fig. 12.6 for details)
before the details about how to compute de-
composed rotation components will be presented.
During preoperative planning stage, the Ref_CT
represents the preoperative CT data coordinate
system, and the (Ref_APP)Pre represents the local
coordinate system defined on the APP that is
extracted from the preoperative CT data. Dur-
ing intraoperative navigation stage, the Ref_P
represents the intraoperative patient coordinate
system defined on the pelvic DRB, the Ref_A
represents the intraoperative acetabulum coor-
dinate system defined on acetabular DRB, and
the (Ref_APP)Intra represents the local coordinate
system defined on the intraoperative APP (see
Fig. 12.6 for details). Following the definition of
all related coordinate systems, details about how
to compute decomposed rotation components are
described below.

Step 1:

In order to register Ref_CT to Ref_P, the
DRBs are fixated and a RSM algorithm [22] is
applied before the osteotomies and the acetabular
fragment tracking (see Fig. 12.6a). The transfor-
mation

(
T APP

P

)
Intra

between the Ref_P and the
(Ref_APP)Intra can be calculated by Eq.(12.1).
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P is the rigid transformation between
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the transformation between the Ref_CT and the
(Ref_APP)Pre.

Step 2:

Before the fragment is moved, a snapshot of
the neutral positional relationship
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)
0 between

Ref_A and the Ref_P is recorded (Fig. 12.6a). At
this moment, the orientation of the acetabulum(−→
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)0

Intra
with respect to the (Ref_APP)Intra

can be estimated by the following equation (see
Fig. 12.6a):
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where −→
n CT denotes the orientation of acetab-

ulum measured in the Ref_CT preoperatively.
Equation (12.2) indicates that one can first com-
pute the orientation of acetabulum

(−→
n P

)
0 with

respect to the Ref_P and then transform it to the
(Ref_APP)Intra through a transformation train.

Step 3:

Fragment mobility is measured by the navi-
gation system, which records the instantaneous
positional relationship

(
T P

A

)
t

between the Ref_A
and the Ref_P. The neutral positional relationship(
T P

A

)
0 obtained from Step 2 is used to calculate

the orientation of acetabulum
(−→

n P

)
t

with respect
to the Ref_P during motion. The instantaneous
orientation of acetabulum

(−→
n APP

)t

Intra
with re-

spect to the (Ref_APP)Intra can be calculated by
the following equation (see Fig. 12.6b):

(−→
n APP

)t

Intra
= (

T APP
P

)
Intra

·
(−→

n P

)
t
= (

T APP
P

)
Intra

· (T P
A

)
t
· (T A

P

)
0

·T P
CT · −→

n CT (12.3)

Equation (12.3) indicates that one can first
compute the instantaneous orientation of acetab-
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Fig. 12.6 Schematic representation of precise estima-
tion of orientation change of acetabulum fragment after
reorientation. (a) Estimation of orientation of acetabu-

lum
(−→

n APP

)0
Intra

at the 0′ moment before reorientation
procedure; (b) estimation of orientation of acetabulum(−→

n APP

)t
Intra

at the t’ moment during reorientation pro-
cedure

ulum
(−→

n P

)
t

with respect to the Ref_P and then
transform it to the (Ref_APP)Intra through a trans-
formation train.

Step 4:

The
(−→

n APP

)0

Intra
and

(−→
n APP

)t

Intra
can then

be decomposed into three motion components
(flexion/extension, external rotation/internal
rotation, and abduction/adduction) along x,
y, and z axis of the (Ref_APP)Intra. The
differences of respective decomposed rotation
components were compared quantitatively
between preoperative planned and intraoperative
navigation situations in order to evaluate
reorientation misalignment.

In the second study, we evaluated postop-
eratively the repositioning of the acetabular
fragment and compared this with the preoperative
planned acetabular orientation parameters.
Specifically, the acetabular rim points after
reorientation were digitized and transformed

to preoperative CT space based on the
aforementioned registration transformation T P

CT .
The transformed acetabular rim points were then
imported into the computer-assisted PAO diag-
nosis module to quantify acetabular orientation
parameters (inclination and anteversion) and
compared them with the preoperatively planned
acetabular orientation parameters.

12.4 Results

In the first intraoperative evaluation study,
the decomposed rotation components of the
acetabular fragment between the preoperatively
planned situation and the intraoperatively
achieved situation were compared. According
to Tables 12.1, eight groups of acetabular
reorientation data were obtained. It can be seen
that the average errors along three motion com-
ponents (flexion/extension, abduction/adduction,
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Table 12.1 The difference (◦) of decomposed motion components between preoperative planning and intraoperative
navigation situations

Mean error

Flex/Ext (◦) Abd/Add (◦) Ext Rot/Int Rot (◦)

Sawbone 1 Left hip 0.9 0.1 3.6

Right hip 0.5 0.5 0.7

Sawbone 2 Left hip 0.5 0.4 1.1

Right hip 0.4 0.1 0.2

Sawbone 3 Left hip 0.9 0.1 1.2

Right hip 0.4 0.5 1.2

Sawbone 4 Left hip 0.4 0.0 0.2

Right hip 1.0 0.3 0.7

Mean ± Std. [Min, Max] 0.6 ± 0.3 [0.4, 1.0] 0.3 ± 0.2 [0.0, 0.5] 1.1 ± 1.1 [0.2, 3.6]

Table 12.2 The error of hip joint morphological parameters (IN inclination, AV anteversion) between preoperative
planning and postoperative evaluation

Trial number #1 #2 #3 #4 #5 #6 #7 #8 Average error

IN (◦) Preop 41.4 44.2 44.2 42.6 41.9 40.8 50.4 44.6 0.9 ± 0.3 [0.4, 1.2]

Postop 42.6 45.3 44.6 43.8 41.1 40.0 49.3 45.3

AV (◦) Preop 13.2 15.1 8.1 8.6 15.3 8.5 10.2 10.3 0.9 ± 0.7 [0.0, 1.7]

Postop 15.2 16.1 9.6 6.9 15.9 8.5 10.5 10.6

and external rotation/internal rotation) are
0.6◦ ± 0.3◦, 0.3◦ ± 0.2◦, and 1.1◦ ± 1.1◦,
respectively.

In the second postoperative evaluation study,
the morphological parameters of hip joint be-
tween the preoperatively planned situation and
postoperatively repositioned situation were com-
pared. The results are shown in Table 12.2. From
this table, it can be seen that the average errors
of acetabular orientation parameters (inclination
and anteversion angles) are 0.9◦ ± 0.3◦ and
0.9◦ ± 0.7◦, respectively. The results are accurate
enough from a clinical point of view for PAO
surgical intervention and verify the hypothesis
that the preoperatively planned situation can be
achieved by navigated PAO procedure with rea-
sonable accuracy.

12.5 Discussion and Conclusions

In this paper, we present a computer-assisted
planning, simulation, and navigation system for
PAO, which allows for not only quantifying the
3D hip joint morphology with geometric param-

eters such as acetabular orientation (expressed as
inclination and anteversion angles), LCE angle,
and femoral head coverage for a computer-
assisted diagnosis of hip dysplasia but also
virtual PAO surgical planning and simulation.
Intraoperatively navigation was performed to
achieve the preoperative plan. A validation
study was conducted on four sawbone models in
order to evaluate the efficacy of navigated PAO
intervention intraoperatively and postoperatively.
The experimental results verified our hypothesis
that the preoperative planned situation can
be achieved intraoperatively with reasonable
accuracy.

There exists a variety of studies in developing
and validating PAO planning and navigation
system. Langlotz et al. [9] developed the first
generation of CT-based customized navigation
system for PAO and applied it to 14 clinical cases.
The osteotomes can be tracked and displayed on
3D pelvic model during osteotomies procedure.
Acetabular reorientation can be achieved
according to the angles in the sagittal, frontal,
and transverse planes. However this system did
not integrate the preoperative planning and the
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surgeon could not refer to standard parameters
defining acetabular orientation (inclination
and anteversion angle). Abraham et al. [7]
reported an experimental cadaver study in
order to prove the utility of preoperative 3D
osteotomy planning and intraoperative acetabular
repositioning in the navigated PAO surgery. The
result of this study demonstrated considerably
higher error (LCE, 4.9 ± 6◦ with maximum
12.4◦). Moreover, in their system, in silico PAO
reorientation was performed using commercially
available image processing and editing software
(Mimics, Materialise, Belgium). In contrast, our
customized system can not only quantify the
3D hip morphology of hip dysplasia precisely
but also provide virtual PAO surgical planning
and simulation. Another application of CT-based
navigation application for PAO was reported by
Hsieh et al. [8], which has been successfully
applied to 36 clinical cases. In their study
they evaluated the efficiency of computer-
assisted navigation in PAO by comparing with
the conventional freehand approach. However,
their study was conducted using a modified
version of commercially available navigation
program for THA (VectorVision, BrainLab
Inc., Westchester, IL), with no preoperative
planning function and which only allows for
tool tracking of osteotomes. Once the acetabular
fragment has been osteotomized and mobilized
from the pelvis, the program does not allow
for real-time tracking the fragment to guide
the reorientation. In result, proper correction
has to rely on the surgeon’s own experience
to find a new optimal position. In contrast,
our PAO navigation system can track both
pelvic and acetabular fragments in real time
and guide the surgeon during acetabulum
repositioning until the preoperative planned
acetabular orientation was achieved. Jäger [24]
et al. introduced a clinical trial based on a CT-
based navigation system allowing for control of
the acetabular fragment in 3D space. However no
statistical evaluation of accuracy of acetabular
repositioning was reported. In contrast, we
conducted sawbone model-based studies to
evaluate the accuracy and efficacy of navigation-
based acetabular repositioning.Intraoperatively,

we used decomposed rotation components
(flexion/extension, abduction/adduction, and
external rotation/internal rotation) to assess
difference between the preoperatively planned
and the intraoperatively navigated acetabu-
lar repositioning. Our experimental results
demonstrated that sub-degree accuracy was
achieved for the flexion/extension and abduc-
tion/adduction directions while slightly larger
than 1 º error for the external rotation/internal
rotation direction. Postoperatively, we used
quantitative acetabular orientation parameters
to assess the error between the preoperatively
planned and the postoperatively achieved
acetabular repositioning. Our experimental
results demonstrated that the preoperative plan
done with our system can be achieved by the
navigated PAO procedure with a reasonable
accuracy.

However, there are still limitations in the
present validation experiment. The first limitation
is that the developed system is only validated
on sawbone models. However, the intraoperative
navigation accuracy has been previously assessed
in a cadaver experiment in order to investigate
the technical feasibility of the pararectus
surgical approach [25]. Another limitation is
that the preoperative planning is only limited to
increase FHC and does not consider aspects of
impingement. The argument why we adopted
such a strategy is that we are aiming to evaluate
navigation accuracy in this study. In order to
avoid impingement following PAO, the planned
situation can be optimized with impingement
simulation by making a trade-off between FHC
and hip range of motion (ROM) reported in our
previous work [17]. In addition, the transfer of
this technique to the clinical setting has not yet
been performed. A clinical trial is planned to
further validate the efficacy of the developed
system for PAO interventions.
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13Biomechanical Optimization-Based
Planning of Periacetabular Osteotomy

Li Liu, Klaus Siebenrock, Lutz-P. Nolte, and Guoyan Zheng

Abstract

Modern computerized planning tools for
periacetabular osteotomy (PAO) use either
morphology-based or biomechanics-based
methods. The latter rely on estimation of
peak contact pressures and contact areas
using either patient-specific or constant
thickness cartilage models. We performed
a finite element analysis investigating the
optimal reorientation of the acetabulum in
PAO surgery based on simulated joint contact
pressures and contact areas using patient-
specific cartilage model. Furthermore we
investigated the influences of using patient-
specific cartilage model or constant thickness
cartilage model on the biomechanical
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simulation results. Ten specimens with hip
dysplasia were used in this study. Image
data were available from CT arthrography
studies. Bone models were reconstructed.
Mesh models for the patient-specific cartilage
were defined and subsequently loaded under
previously reported boundary and loading
conditions. Peak contact pressures and contact
areas were estimated in the original position.
Afterward we used validated preoperative
planning software to change the acetabular
inclination by an increment of 5◦ and
measured the lateral center-edge angle (LCE)
at each reorientation position. The position
with the largest contact area and the lowest
peak contact pressure was defined as the
optimal position. In order to investigate the
influence of using patient-specific cartilage
model or constant thickness cartilage model
on the biomechanical simulation results,
the same procedure was repeated with the
same bone models but with a cartilage
mesh of constant thickness. Comparison of
the peak contact pressures and the contact
areas between these two different cartilage
models showed that good correlation between
these two cartilage models for peak contact
pressures (r = 0.634 ∈[0.6, 0.8], p < 0.001)
and contact areas (r = 0.872 > 0.8, p < 0.001).
For both cartilage models, the largest contact
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areas and the lowest peak pressures were
found at the same position. Our study is the
first study comparing peak contact pressures
and contact areas between patient-specific
and constant thickness cartilage models
during PAO planning. Good correlation for
these two models was detected. Computer-
assisted planning with FE modeling using
constant thickness cartilage models might
be a promising PAO planning tool when a
conventional CT is available.

Keywords

Hip dysplasia · Periacetabular osteotomy
(PAO) · Planning · Biomechanical
simulation · Finite element analysis (FEA) ·
Image-guided surgery · Joint preservation
surgery

13.1 Introduction

Periacetabular osteotomy (PAO) is an established
surgical intervention for treatment of hip
dysplasia and acetabular retroversion [1, 2].
During the procedure, the acetabulum is
reoriented in order to optimize the containment
of the femoral head and the pressure distribution
between acetabulum and femoral head for
reduction of the peak contact pressures within
the joint. The goal of acetabular reorientation is
to restore or to approximate normal acetabular
geometry. In order to achieve this, two types
of planning strategies have been reported,
which can be divided into morphology-based
planning methods and biomechanics-based
planning methods. Morphology-based planning
uses standard geometric parameters, which have
shown their importance for quantification of
acetabular under- or overcoverage [3]. Several
authors have described different morphology-
based planning methods which range from
simplified two-dimensional planning [4–6] to
complex three-dimensional planning applications
[7–11]. Other authors presented biomechanics-
based planning methods. Different approaches
have been presented using, for example, discrete

element analysis (DEA) [12] or the more
sophisticated finite element analysis (FEA)
[13, 14]. In literature, both constant thickness
cartilage models [14] and patient-specific
cartilage models [15] have been suggested.
In the clinical routine, knowledge of patient
specific cartilage is rarely available, since special
imaging protocol (e.g., CT arthrography or
MRI with dGEMRIC, T1rho or T2 mapping)
is necessary to retrieve this information. One
alternative could be constant thickness cartilage
model that is virtually generated from bony
surface models derived from conventional CT
scans. However differences between these
two different cartilage models in planning of
PAO using FE simulation have never been
investigated. Previously, we have developed a
morphology-based 3D planning system for PAO
[16]. This system allows for quantification of
the hip joint morphology in three dimensions,
using geometric parameters such as inclination
and anteversion angle, the lateral center-edge
(LCE) angle, and femoral head coverage. It
also allows for virtual reorientation of the
acetabulum according to these parameters. In the
current study, we enhanced this application with
an additional biomechanics-based method for
estimation of joint contact pressures employing
FEA. In this study, we investigated the following
research questions:

1. What is the optimal position of the acetabulum
based on simulated joint contact pressures
using patient specific cartilage models in a FE
analysis?

Are there significant differences in joint con-
tact pressures between patient specific cartilage
model and constant thickness cartilage model in
the same hip model?

13.2 Materials and Methods

13.2.1 System Overview

The computer-assisted planning system for
PAO uses 3D surface models of the pelvis
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and femur, generated out of DICOM (digital
imaging and communication in medicine) data,
using a commercially available segmentation
program (AMIRA, Visualization Sciences
Group, Burlington, MA). The system starts with
a morphology-based method. Employing fully
automated detection of the acetabular rim, pa-
rameters such as acetabular version, inclination,
LCE angle, femoral head extrusion index (EI),
and femoral head coverage can be calculated for a
computer-assisted diagnosis [16]. Afterward, the
system offers the possibility to perform a virtual
osteotomy (Fig. 13.1a(1)) and reorientation of
the acetabular fragment in a stepwise pattern.
During the fragment reorientation, acetabular
morphological parameters are recomputed in real
time (Fig. 13.1a(2)) until the desired position is
achieved. Our system is further equipped with a
biomechanics-based FE prediction of changes of
cartilage contact stresses, which occurs during
acetabular reorientation. An optimal position
of the acetabulum can be defined, once contact
areas in the articulation are maximized, while
at the same time peak contact pressures are
minimized (Fig. 13.1b). The respective cartilage
model for the biomechanics-based FE prediction
is generated from either CT arthrography data
(patient-specific) or using a virtually generated
cartilage with predefined thickness (constant
thickness).

13.2.2 Biomechanical Model of Hip
Joint

13.2.2.1 Cartilage Models
In literature, both constant thickness cartilage
models and patient-specific cartilage models
have been employed. Zou et al. [14] used a
constant thickness model and thus created a
cartilage with a predefined thickness of 1.8 mm,
a value derived from cartilage thickness data
from the literature. In contrast Harris et al.
[15] introduced a CT arthrography protocol
allowing for excellent visualization of patient-
specific cartilage. DICOM data of dysplastic
hip joints, which have been CT scanned using
this arthrography protocol, were provided by the
open source dysplastic hips image data from
the Musculoskeletal Research Laboratories,
University of Utah [17]. The data provider
has obtained IRB approval (University of Utah
IRB #10983).We used our morphology-based
planning system for calculation of the acetabular
morphological parameters [18], verifying true
dysplasia (Table 13.1). We used these datasets in
order to retrieve the patient-specific cartilage
models. The bony anatomy of the same ten
specimens was then used to create the constant
thickness cartilage models by expanding a
constant 1.8 mm thickness using 3D dilation
operation on the articular surface.

Fig. 13.1 The schematic workflow of computer-assisted
planning of PAO with biomechanical optimization. (a)
Computer-assisted morphology based PAO planning. Vir-
tual osteotomy operation is done with a sphere, whose
radius and position can be interactively adjusted, and

virtual reorientation operation is done by interactively
adjusting anteversion and inclination angle of the acetab-
ulum fragment. (b) Biomechanical optimization. (c) The
preoperative planning output
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Table 13.1 Acetabular morphological parameters of ten specimens with hip dysplasia

Inclination (◦) Anteversion (◦) LCE (◦) Extrusion index Coverage (%)

#1 59.7 12.5 17.2 0.33 63.3

#2 57.2 10.9 17.1 0.34 62.6

#3 58.6 17.1 16.2 0.34 61.8

#4 59.0 18.9 19.8 0.31 60.4

#5 44.7 16.7 23.1 0.26 69.9

#6 59.6 26.7 17.7 0.35 57.4

#7 50.5 19.4 23.9 0.25 70.9

#8 56.3 23.6 21.0 0.27 66.3

#9 60.7 24.7 15.6 0.34 59.3

#10 57.4 18.6 18.6 0.30 56.5

13.2.2.2 Mesh Generation
Bone and cartilage surface models of the
reoriented hip joints were imported into ScanIP
software (Simpleware Ltd., Exeter, UK) as shown
in Fig. 13.2a, c. Surfaces were discretized using
tetrahedral elements (Fig. 13.2b, d). Since the
primary focus was the joint contact stresses, a
finer mesh was employed for the cartilage than
for the bone. Refined tetrahedral meshes were
constructed for the cartilage models (∼135,369
elements for the femoral cartilage model and
∼92,791 elements for the acetabular cartilage
model, using the ScanFE module (Simpleware
Ltd., Exeter, UK). Cortical bone surfaces were
discretized using coarse tetrahedral elements
(∼149,120 elements for the femoral model and
∼188,526 elements for the pelvic model). The
trabecular bone was not included in the models,
as it only has a minor effect on the predictions
of contact pressure as reported in another
study [19].

13.2.2.3 Material Property
Acetabular and femoral cartilage were modeled
as homogeneous, isotropic, and linearly elastic
material with Young’s modulus E = 15 MPa and
Poisson’s ratio ν = 0.45 [14]. The cortical bone
of the pelvis and femur were modeled as homo-
geneous, isotropic material with elastic modulus
E = 17 GPa and Poisson’s ratio ν = 0.3 [14].

13.2.2.4 Boundary Conditions
and Loading

Tied and sliding contact constraints were
used in Abaqus/CAE 6.10 (Dassault Systèmes
Simulia Corp, Providence, RI, USA) to define
the cartilage-to-bone and cartilage-to-cartilage
interfaces, respectively. It has been reported
that the friction coefficient between articular
cartilage surfaces was very low (0.01–0.02)
in the presence of synovial fluid, making it
reasonable to neglect eventual frictional shear
stresses [15, 20]. The top surface of pelvis and
pubic areas were fixed, and the distal end of the
femur was constrained to prevent displacement
in the body x and y directions while being free
in vertical z direction (Fig. 13.2e). The center
of the femoral head was derived from a least-
squares sphere fitting and was selected to be
the reference node. The nodes of femoral head
surface were constrained by the reference node
via kinematic coupling. The fixed boundary
condition model was then subjected to a loading
condition as published before [21], representing
a single leg stance situation with the resultant hip
joint contact force acting at the reference node.
Following the loading specifications suggested
in another previous study [22](Fig. 13.2e), the
components of joint contact force along three
axes were given as 195 N, 92 N, and 1490 N,
respectively. In order to remove any scaling
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Fig. 13.2 Biomechanical simulation of contact pressure
on acetabular cartilage. (a) Surface models of a dysplastic
hip. (b) Volume meshes of a dysplastic hip. (c) Surface
models for a planned situation after acetabulum fragment

reorientation. (d) Volume meshes for the planned situa-
tion. (e) Boundary conditions and loading for biomechan-
ical simulation. (f) Coarse meshes for bone models and
refined meshes for cartilages

effect of body weight on the absolute value
of the contact pressure, we defined a constant
body weight of 650 N for all subjects. The
resultant force was applied, based on anatomical
coordinate system described by Bergmann et al.
[21], whose local coordinate system was defined
with the x axis running between the centers of
the femoral heads (positive running from the left
femoral head to the right femoral head), the y
axis pointing directly anteriorly, and the z axis
pointing directly superiorly.

13.2.2.5 Study 1: FE Simulation for
Biomechanics-Based Planning
of PAO Using Patient-Specific
Cartilage Model

In order to find the optimal acetabular position,
the acetabular fragment was now virtually rotated
around the y axis (Fig. 13.2e) in 5◦ increments
in relation to the anterior pelvic plane (APP).
This deemed to imitate a decrease in acetabu-
lar inclination, as performed during actual PAO
surgery (Fig. 13.2c). For each increment, the

predicted peak contact pressure and total contact
area were directly extracted from the output of
Abaqus/CAE 6.10. The resulting peak contact
pressures and contact areas in the different ac-
etabular positions were then compared and the
corresponding LCE angle was measured. Opti-
mal orientation was determined by the position
yielding the maximum contact area and the min-
imum peak contact pressure.

13.2.2.6 Study 2: Evaluation
the Influences of Using
Different Cartilage Models
on the Simulation Results

After the peak pressures and contact areas had
been simulated using the patient-specific carti-
lage models, the same procedure was performed
using the constant thickness cartilage models.
Finally, comparison between peak pressures and
contact areas between patient-specific and con-
stant thickness cartilage models was performed.
Linear regression analysis was used to deter-
mine associations between the results for peak
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Fig. 13.3 Contact pressure distribution obtained by using two different cartilage models at different acetabular
reorientation position

pressures and contact areas for both cartilage
types. Thus, the values for the constant thickness
models were the independent variables, whereas
the values obtained by the patient-specific models
represented the dependent variables. Pearson’s
correlation coefficient r was interpreted as “poor”
below 0.3, “fair” from 0.3 to 0.5, “moderate”
from 0.5 to 0.6, “moderately strong” from 0.6 to
0.8, and “very strong” from 0.8 to 1.0. Signifi-
cance level was defined as p < 0.05.

13.3 Results

While the initial contact area in the dysplastic
hip was primarily located in an eccentric super-
olateral region of the acetabulum, an increase in
LCE angle led to an enlarged and more homo-
geneously distributed contact area (Fig. 13.3). At
the same time, an increase in LCE angle resulted
in decreased peak contact pressures. For each
specimen, the optimal acetabular fragment repo-
sition was defined as the position with minimum
peak contact pressure and maximum contact area
(Table 13.2).

Comparison of the peak contact pressures
and the contact areas between the two different

cartilage models showed similar results (Table
13.3). Regression analysis quantitatively showed
that the results obtained by the constant thickness
cartilage models have good correlation with
those obtained by using the patient-specific
cartilage models. Specifically, a moderately
strong correlation was found between both
cartilage models when analyzing peak contact
pressures (r = 0.634 ∈ [0.6, 0.8], p < 0.001)
(Fig. 13.4), while a very strong correlation was
also found when analyzing the contact areas
between the two different cartilage models
(r = 0.872 > 0.8, p < 0.001) (Fig. 13.4b). For
both cartilage models, the largest contact areas
and the lowest peak pressures were found at the
same position (Table 13.3).

13.4 Discussion

We used a previously validated morphology-
based PAO planning system [16] to perform
virtual acetabular reorientation. An additional
biomechanics-based module then estimated
contact areas and peak contact pressures within
the joint. First we used hip joint models with
patient-specific cartilage models and changed
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Table 13.2 Acetabular fragment reposition position with peak contact pressures and contact area

R-0◦ R-5◦ R-10◦ R-15◦ R-20◦

#1 LCE (◦) 17.2 23.0 27.9 32.9* 37.9

Peak contact pressure (MPa) 14.1 9.5 7.1 4.8* 7.3

Contact area (mm2) 523 616 778 899* 860

#2 LCE (◦) 17.1 21.7 26.8* 31.8* 36.8

Peak contact pressure (MPa) 8.7 6.6 6.3* 7.0 9.8

Contact area (mm2) 625 655 698 741* 731

#3 LCE (◦) 16.2 19.9 24.4* 29.4 34.5

Peak contact pressure (MPa) 5.7 4.8 4.5* 6.3 7.1

Contact area (mm2) 779 894 1013* 947 943

#4 LCE (◦) 19.8 23.5* 28.0 33.0 38.0

Peak contact pressure (MPa) 7.1 6.2* 8.3 10.2 13.0

Contact area (mm2) 1166 1198* 1096 933 836

#5 LCE (◦) 23.1 27.9 32.9* 37.9 43.0

Peak contact pressure (MPa) 5.5 5.2 4.8* 7.7 9.1

Contact area (mm2) 636 769 764* 587 523

#6 LCE (◦) 17.7 21.5 26.5* 31.6* 36.6

Peak contact pressure (MPa) 8.6 9 8.2* 8.8 11.1

Contact area (mm2) 466 493 517 565* 468

#7 LCE (◦) 23.9 28.9 33.9* 38.9* 43.9

Peak contact pressure (MPa) 11.3 9.8 10.0* 10.0* 15.0

Contact area (mm2) 441 521 586 590* 485

#8 LCE (◦) 21.0 26.0 31.0 36.0* 41.0

Peak contact pressure (MPa) 15.0 10.2 10.8 9.9* 11.3

Contact area (mm2) 469 514 518 530* 505

#9 LCE (◦) 15.6 19.6 24.6 29.7* 34.7

Peak contact pressure (MPa) 10.7 9.3 9.2 7.1* 8.5

Contact area (mm2) 425 381 411 480* 448

#10 LCE (◦) 18.6 23.0 28.0* 32.8 37.8

Peak contact pressure (MPa) 6.6 6.0 4.7* 9.7 22.5

Contact area (mm2) 802 826 951* 750 699

the LCE angle in order to increase femoral head
containment and to find the optimal position with
the largest contact area and lowest peak contact
pressure. The same operation was then conducted
with the bone models of the same hip joints by
replacing the patient-specific cartilage models
with virtually generated constant thickness
cartilage models. In the patient-specific cartilage
models, an increase in LCE angle led to enlarged
and more homogeneously distributed contact
areas and decreased peak contact pressures.
Comparison of the peak contact pressures and the
contact areas between the two different cartilage

models showed similar results. Regression
analysis quantitatively showed moderately strong
correlation between both models for peak contact
pressures while very strong correlation for
contact areas.

In the light of our findings, several aspects
need to be discussed. We did not include the
acetabular labrum in our FE analysis; however
the role of the labrum during load distribution
is debatable in literature. While some authors
promoted inclusion of the labrum [23], other au-
thors denied the importance of its inclusion [24].
More interestingly, Henak et al. [17] showed that
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Table 13.3 Acetabular fragment reposition position with peak contact pressures and contact area (patient-specific
cartilage model vs. constant thickness cartilage model)

R-0◦ R-5◦ R-10◦ R-15◦ R-20◦

#1 Patient-specific cartilage model

Peak contact pressure (MPa) 14.1 9.5 7.1 4.8* 7.3

Contact area (mm2) 523 616 778 899* 860

Constant thickness cartilage model

Peak contact pressure (MPa) 17.2 9.9 8.3 5.1* 6.6

Contact area (mm2) 447 544 717 808* 865

#2 Patient-specific cartilage model

Peak contact pressure (MPa) 8.7 6.6 6.3* 7.0 9.8

Contact area (mm2) 625 655 698 741* 731

Constant thickness cartilage model

Peak contact pressure (MPa) 10.3 9.8 9.2* 10.5 11.7

Contact area (mm2) 563 604 681* 709 684

#3 Patient-specific cartilage model

Peak contact pressure (MPa) 5.7 4.8 4.5* 6.3 7.1

Contact area (mm2) 779 894 1013* 947 943

Constant thickness cartilage model

Peak contact pressure (MPa) 6.5 4.9 4.4* 5.5 6.3

Contact area (mm2) 839 958 1078* 1029 1073

#4 Patient-specific cartilage model

Peak contact pressure (MPa) 7.1 6.2* 8.3 10.2 13.0

Contact area (mm2) 1166 1198* 1096 933 836

Constant thickness cartilage model

Peak contact pressure (MPa) 8.1 7.2* 7.4 8.0 8.1

Contact area (mm2) 1101 1200* 1151 1159 1046

#5 Patient-specific cartilage model

Peak contact pressure (MPa) 5.5 5.2 4.8* 7.7 9.1

Contact area (mm2) 636 769* 764 587 523

Constant thickness cartilage model

Peak contact pressure (MPa) 6.3 5.2 5.0* 6.0 7.0

Contact area (mm2) 804 945 975* 848 836

#6 Patient-specific cartilage model

Peak contact pressure (MPa) 8.6 9.0 8.2* 8.8 11.1

Contact area (mm2) 466 493 517 565* 468

Contact area (mm2) 305 375 431 457* 369

#7 Patient-specific cartilage model

Peak contact pressure (MPa) 11.3 9.8 10.0 10.0* 15.0

Constant thickness cartilage model

Peak contact pressure (MPa) 15.6 15.1 10.4 9.9* 14.7

Contact area (mm2) 441 521 586 590* 485

Constant thickness cartilage model

Peak contact pressure (MPa) 11.0 7.7 5.7 5.2* 5.9

Contact area (mm2) 497 646 766 870* 807

(continued)
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Table 13.3 (continued)

R-0◦ R-5◦ R-10◦ R-15◦ R-20◦

#8 Patient-specific cartilage model

Peak contact pressure (MPa) 15.0 10.2 10.8 9.9* 11.3

Contact area (mm2) 469 514 518 530* 505

Constant thickness cartilage model

Peak contact pressure (MPa) 10.7 9.7 8.4 7.9* 8.0

Contact area (mm2) 398 531 584 630 661*

#9 Patient-specific cartilage model

Peak contact pressure (MPa) 10.7 9.3 9.2 7.1* 8.5

Contact area (mm2) 425 381 411 480* 448

Constant thickness cartilage model

Peak contact pressure (MPa) 13.0 9.4 9.1 7.7* 8.8

Contact area (mm2) 383 481 412 515 558*

#10 Patient-specific cartilage model

Peak contact pressure (MPa) 6.6 6.0 4.7* 9.7 22.5

Contact area (mm2) 802 826 951* 750 699

Constant thickness cartilage model

Peak contact pressure (MPa) 6.0 5.3 4.5* 9.3 18.5

Contact area (mm2) 909 990 1021* 879 775

Fig. 13.4 (a) Scatter plot of peak contact pressure ob-
tained by constant thickness cartilage models against
those obtained by patient-specific cartilage models. (b)

Scatter plot of contact area obtained by constant thickness
cartilage models against those obtained by patient-specific
cartilage models

the labrum has a far more significant role in
dysplastic hip joints biomechanics than it does in
normal hips, since it supports a large percentage
of the load transferred across the joint due to the
eccentric loading in dysplastic hips. The same
study group in a previous study [25], however,
found that the labrum only supported less than

3% of the total load across the joint in normal
hips. The final goal of our study was not to
measure peak contact pressures and contact areas
in the originally dysplastic state of our specimen
but to find an optimal position resembling a
“normal” hip joint during PAO. Hence, for this
purpose disregarding the labrum was acceptable.
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Regarding loading conditions, a fixed body
weight of 650 N [21] was used, which is not
patient-specific. However, Zou et al. [14] justified
the use of constant loading, since the relative
change of contact pressure before and after PAO
reorientation planning is assessed, regardless of
the true patient weight. Also, the applied loading
conditions were derived from in vivo data from
patients who underwent total hip arthroplasty
(THA) [21] and thus might be just an approx-
imation to the true loading conditions in the
native joint. For simplification reasons we also
did not simulate typical motion patterns such as
sitting-to-standing or gait cycle. Since we only
performed static loading, the conchoid shape
of the hip joint, which is important when per-
forming dynamic loading, was also disregarded.
This might be a limitation, when interpreting
our results. Finally, although the CT scans were
performed in the supine position and the loading
condition is based on one-leg stance situation,
this is not an infrequent practice, [26] and pre-
vious work [27] has shown that there was no sig-
nificant difference between the contact pressure
in the one-leg stance reference frame and those
in the supine reference frame.

Our results are reflected conclusively in the
current literature. Zhao et al. [13] conducted
a 3D FE analysis investigating the changes of
von Mises stress distribution in the cortical bone
before and after PAO surgery. They showed the
favorable stress distribution in the normal hips
compared to dysplastic hips. One limitation of
this study might be that the specimens were
not truly dysplastic hips. The authors created
dysplasia by deforming the acetabular rim of
normal hip joints. Hence, their depiction of the
stress distribution in the dysplastic joint is rather
an approximation. Furthermore, they used a con-
stant thickness cartilage model. They did not
estimate pressure distribution in the cartilage
model but in the underlying subchondral cor-
tical bone. Another group developed a biome-
chanical guiding system (BGS) [12, 26, 28]. In
2009 they presented a manuscript reporting on
three-dimensional mechanical evaluation of joint
contact pressure in 12 PAO patients with a 10-
year follow-up. They measured radiologic angles

and joint contact pressures in these patients pre-
and postoperatively. The authors were able to
show that after a 10-year follow-up, peak contact
pressures were reduced 1.7-fold and that lateral
coverage increased in all patients. One limitation
of their study is the use of discrete element analy-
sis (DEA). Since the system was not only used for
preoperative planning but also as an intraopera-
tive guidance system, the DEA represents a com-
putationally efficient method for modeling of car-
tilage stress by neglecting underlying bone stress.
The cartilage models however remain largely
approximated, since neither patient-specific nor
constant cartilage models are used, but a simpli-
fied distribution of spring elements is employed
for cartilage simulation. Recently, Zou et al. [14]
also developed a 3D FE simulation of the effects
of PAO on contact stresses. They validated their
method on five models generated from CT scans
of dysplastic hips and used constant thickness
cartilage models. The acetabulum of each model
was rotated in 5◦ increments in the coronal plane
from the original position, and the relationship
between contact area and pressure, as well as
von Mises stress in the cartilage, was investi-
gated, looking for the optimal position for the
acetabulum. One limitation of this study is that
acetabular reorientation was roughly performed
with commercial FE analysis software (Abaqus1,
Dassault Systèmes Simulia Corp, USA). Unlike
our morphological-based planning application,
their method is thus unvalidated and does not
have a precise planning tool for an accurate
quantification of patient specific 3D hip joint
morphology.

In conclusion, our investigation contributes
well to the current state of the art. First, to the
best knowledge of the authors, this is the first
study to use a patient-specific cartilage model for
biomechanics-based planning of PAO allowing
for estimation of changes of contact areas and
peak pressures in truly dysplastic hips. Previous
studies had investigated either normal or dys-
plastic hips, but never the true change during
virtual reorientation of the latter. Furthermore,
our results seem conclusive, since the optimal
position with the largest contact areas and low-
est peak pressures were found within the pre-
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defined normal values [3, 29] for the investi-
gated LCE angle. This range for safe position-
ing is especially important, since in real-time
surgery, reorientation toward the one “perfect”
position might not be feasible. Finally, the com-
parison to constant thickness cartilage models
is another novelty. Strong correlation was found
for biomechanical optimization results between
these two cartilage models. This is encouraging,
since acquisition of patient-specific cartilage re-
quires special multiplanar arthrography imaging
(e.g., CT arthrography or MRI with dGEMRIC,
T1rho or T2 mapping), while constant thickness
cartilage is basically always available. Although
our study has its limitations and further investiga-
tion is needed, computer-assisted planning with
FE modeling using constant thickness cartilage
might be a promising PAO planning tool provid-
ing conclusive and plausible results.

Acknowledgments This work was supported by the
open source dysplastic hips image data from the
University of Utah [17] and partially supported by Natural
Science Foundation of SZU (grant no. 2017089) and
Japanese-Swiss Science and Technology Cooperation
Program.

This chapter was modified from the paper published
by our group in PLoS One (Li et al., PLoS One 2016;
11(1):e0146452). The related contents were reused with
permission.

References

1. Ganz R, Klaue K, Vinh TS, Mast JW (1988) A
new Periacetabular osteotomy for the treatment of
hip dysplasias technique and preliminary results. Clin
Orthop Relat Res 232:26–36. PMID: 3383491

2. Steppacher SD, Tannast M, Ganz R,
Siebenrock KA (2008) Mean 20-year
followup of Bernese periacetabular osteotomy.
Clin Orthop Relat Res 466(7):1633–1644.
https://doi.org/10.1007/s11999-008-0242-3. PMID:
18449617

3. Tannast M, Hanke MS, Zheng G, Steppacher SD,
Siebenrock KA (2015) What are the radiographic
reference values for acetabular under-and overcov-
erage? Clin Orthop Relat Res 473(4):1234–1246.
https://doi.org/10.1007/s11999-014-4038-3

4. Tannast M, Siebenrock KA, Anderson SE (2007)
Femoroacetabular impingement: radiographic
diagnosis—what the radiologist should

know. Am J Roentgenol 188(6):1540–1552.
https://doi.org/10.2214/AJR.06.0921. PMID:
17515374

5. Tannast M, Mistry S, Steppacher SD, Reichenbach
S, Langlotz F, Siebenrock KA et al (2008) Radio-
graphic analysis of femoroacetabular impingement
with Hip2Norm-reliable and validated. J Orthop Res
26(9):1199–1205. https://doi.org/10.1002/jor.20653.
PMID: 18404737

6. Clohisy JC, Carlisle JC, Trousdale R, Kim YJ,
Beaule PE, Morgan P et al (2009) Radiographic
evaluation of the hip has limited reliability.
Clin Orthop Relat Res 467(3):666–675.
https://doi.org/10.1007/s11999-008-0626-4. PMID:
19048356

7. Klaue K, Wallin A, Ganz R (1988) CT evaluation
of coverage and congruency of the hip prior to os-
teotomy. Clin Orthop Relat Res 232:15–25. PMID:
3383480

8. Millis MB, Murphy SB (1992) Use of computed to-
mographic reconstruction in planning osteotomies of
the hip. Clin Orthop Relat Res 274:154–159. PMID:
1729000

9. Dutoit M, Zambelli P (1999) Simplified 3D-
evaluation of periacetabular osteotomy. Acta Orthop
Belg 65(3):288–294. PMID: 10546351

10. Janzen D, Aippersbach S, Munk P, Sallomi D, Gar-
buz D, Werier J et al (1998) Three-dimensional
CT measurement of adult acetabular dysplasia:
technique, preliminary results in normal subjects,
and potential applications. Skelet Radiol 27(7):352–
358. https://doi.org/10.1007/s002560050397. PMID:
9730324

11. Dandachli W, Kannan V, Richards R, Shah
Z, Hall-Craggs M, Witt J (2008) Analysis
of cover of the femoral head in normal and
dysplastic hips NEW CT-BASED TECHNIQUE.
J Bone Joint Surg Br Vol 90(11):1428–1434.
https://doi.org/10.1302/0301-620X.90B11.20073

12. Armand M, Lepistö J, Tallroth K, Elias J, Chao E
(2005) Outcome of periacetabular osteotomy: joint
contact pressure calculation using standing AP radio-
graphs, 12 patients followed for average 2 years. Acta
Orthop 76(3):303–313. PMID: 16156455

13. Zhao X, Chosa E, Totoribe K, Deng G (2010)
Effect of periacetabular osteotomy for acetabu-
lar dysplasia clarified by three-dimensional finite
element analysis. J Orthop Sci 15(5):632–640.
https://doi.org/10.1007/s00776-010-1511-z. PMID:
20953924

14. Zou Z, Chávez-Arreola A, Mandal P, Board TN,
Alonso-Rasgado T (2013) Optimization of the
position of the acetabulum in a ganz periacetabular
osteotomy by finite element analysis. J Orthop Res
31(3):472–479. https://doi.org/10.1002/jor.22245.
PMID: 23097237

15. Harris MD, Anderson AE, Henak CR, Ellis
BJ, Peters CL, Weiss JA (2012) Finite element
prediction of cartilage contact stresses in nor-

http://dx.doi.org/10.1007/s11999-008-0242-3
http://dx.doi.org/10.1007/s11999-014-4038-3
http://dx.doi.org/10.2214/AJR.06.0921
http://dx.doi.org/10.1002/jor.20653
http://dx.doi.org/10.1007/s11999-008-0626-4
http://dx.doi.org/10.1007/s002560050397
http://dx.doi.org/10.1302/0301-620X.90B11.20073
http://dx.doi.org/10.1007/s00776-010-1511-z
http://dx.doi.org/10.1002/jor.22245


168 L. Liu et al.

mal human hips. J Orthop Res 30(7):1133–1139.
https://doi.org/10.1002/jor.22040. PMID: 22213112

16. Liu L, Ecker T, Schumann S, Siebenrock K, Nolte
L, Zheng G (2014) Computer assisted planning and
navigation of periacetabular osteotomy with range of
motion optimization. Springer, Heidelberg, pp 643–
650

17. Henak CR, Abraham CL, Anderson AE, Maas
SA, Ellis BJ, Peters CL et al (2014) Patient-
specific analysis of cartilage and labrum
mechanics in human hips with acetabular
dysplasia. Osteoarthr Cartil 22(2):210–217.
https://doi.org/10.1016/j.joca.2013.11.003. PMID:
24269633

18. Liu L, Ecker T, Xie L, Schumann S, Siebenrock
K, Zheng G (2015) Biomechanical validation
of computer assisted planning of periacetabular
osteotomy: a preliminary study based on
finite element analysis. Med Eng Phys.
https://doi.org/10.1016/j.medengphy.2015.09.002

19. Anderson AE, Ellis BJ, Maas SA, Peters CL,
Weiss JA (2008) Validation of finite element
predictions of cartilage contact pressure in the
human hip joint. J Biomech Eng 130(5):051008.
https://doi.org/10.1115/1.2953472. PMID:
19045515

20. Caligaris M, Ateshian GA (2008) Effects
of sustained interstitial fluid pressurization
under migrating contact area, and boundary
lubrication by synovial fluid, on cartilage
friction. Osteoarthr Cartil 16(10):1220–1227.
https://doi.org/10.1016/j.joca.2008.02.020. PMID:
18395475

21. Bergmann G, Deuretzbacher G, Heller M,
Graichen F, Rohlmann A, Strauss J et al (2001)
Hip contact forces and gait patterns from
routine activities. J Biomech 34(7):859–871.
https://doi.org/10.1016/S0021-9290(01)00040-9.
PMID: 11410170

22. Phillips A, Pankaj P, Howie C, Usmani A, Simp-
son A (2007) Finite element modelling of the
pelvis: inclusion of muscular andligamentous bound-

ary conditions. Med Eng Phys 29(7):739–748.
https://doi.org/10.1016/j.medengphy.2006.08.010

23. Ferguson S, Bryant J, Ganz R, Ito K (2003) An
in vitro investigation of the acetabular labral seal
in hip joint mechanics. J Biomech 36(2):171–178.
https://doi.org/10.1016/S0021-9290(02)00365-2.
PMID: 12547354

24. Konrath GA, Hamel AJ, Olson SA, Bay B, Sharkey
NA (1998) The role of the acetabular labrum and the
transverse acetabular ligament in load transmission in
the hip. J Bone Joint Surg 80(12):1781–1788

25. Henak CR, Ellis BJ, Harris MD, Anderson
AE, Peters CL, Weiss JA (2011) Role of
the acetabular labrum in load support across
the hip joint. J Biomech 44(12):2201–2206.
https://doi.org/10.1016/j.jbiomech.2011.06.011.
PMID: 21757198

26. Armiger RS, Armand M, Tallroth K, Lepistö J,
Mears SC (2009) Three-dimensional mechanical
evaluation of joint contact pressure in 12
periacetabular osteotomy patients with 10-
year follow-up. Acta Orthop 80(2):155–161.
https://doi.org/10.3109/17453670902947390. PMID:
19404795

27. Niknafs N, Murphy RJ, Armiger RS, Lepistö
J, Armand M (2013) Biomechanical factors
in planning of periacetabular osteotomy.
Frontiers in bioengineering and biotechnology;
1. https://doi.org/10.3389/fbioe.2013.00020. PMID:
25152876

28. Lepistö J, Armand M, Armiger RS (2008) Periac-
etabular osteotomy in adult hip dysplasia–developing
a computer aided real-time biomechanical guiding
system (BGS). Suomen ortopedia ja traumatologia =
Ortopedioch traumatologi i Finland = Finn J Orthop
Traumatol 31(2):186. PMID: 20490364

29. Haefeli P, Steppacher S, Babst D, Siebenrock
K, Tannast M (2015) An Increased
Iliocapsularis-to-rectusfemoris Ratio Is
Suggestive for Instability in Borderline Hips.
Clin Orthop Relat Res 473(12):3725–3734.
https://doi.org/10.1007/s11999-015-4382-y

http://dx.doi.org/10.1002/jor.22040
http://dx.doi.org/10.1016/j.joca.2013.11.003
http://dx.doi.org/10.1016/j.medengphy.2015.09.002
http://dx.doi.org/10.1115/1.2953472
http://dx.doi.org/10.1016/j.joca.2008.02.020
http://dx.doi.org/10.1016/S0021-9290(01)00040-9
http://dx.doi.org/10.1016/j.medengphy.2006.08.010
http://dx.doi.org/10.1016/S0021-9290(02)00365-2
http://dx.doi.org/10.1016/j.jbiomech.2011.06.011
http://dx.doi.org/10.3109/17453670902947390
http://dx.doi.org/10.3389/fbioe.2013.00020
http://dx.doi.org/10.1007/s11999-015-4382-y


14Biomechanical Guidance System for
Periacetabular Osteotomy

Mehran Armand, Robert Grupp, Ryan Murphy,
Rachel Hegman, Robert Armiger, Russell Taylor,
Benjamin McArthur, and Jyri Lepisto

Abstract

This chapter presents a biomechanical guid-
ance navigation system for performing peri-
acetabular osteotomy (PAO) to treat develop-
mental dysplasia of the hip. The main moti-
vation of the biomechanical guidance system
(BGS) is to plan and track the osteotomized

M. Armand (�)
Johns Hopkins University Applied Physics laboratory,
Laurel, MD, USA

Department of Mechanical Engineering, Johns Hopkins
University, Baltimore, MD, USA

Department of Orthopaedic Surgery, Johns Hopkins
University, Baltimore, MD, USA
e-mail: Mehran.Armand@jhuapl.edu

R. Grupp · R. Taylor
Department of Computer Science, Johns Hopkins
University, Baltimore, MD, USA

R. Murphy · R. Armiger
Johns Hopkins University Applied Physics laboratory,
Laurel, MD, USA

R. Hegman
Johns Hopkins University Applied Physics laboratory,
Laurel, MD, USA

Department of Computer Science, Johns Hopkins
University, Baltimore, MD, USA

B. McArthur
Dell Medical School at the University of Texas, Austin,
TX, USA

J. Lepisto
Orton Orthopaedic Hospital, Helsinki, Finland

fragment in real time during PAO while sim-
plifying this challenging procedure. The BGS
computes the three-dimensional position of
the osteotomized fragment in terms of conven-
tional anatomical angles and simulates biome-
chanical states of the joint. This chapter de-
scribes the BGS structure and its application
using two different navigation approaches in-
cluding optical tracking of the fragment and
x-ray-based navigation. Both cadaver studies
and preliminary clinical studies showed that
the biomechanical planning is consistent with
traditional PAO planning techniques and that
the additional information provided by accu-
rate 3D positioning of the fragment does not
adversely impact the surgery.

Keywords

Developmental dysplasia of the hip (DDH) ·
Periacetabular osteotomy (PAO) ·
Biomechanical guidance system ·
X-ray-based navigation

14.1 Introduction

Hip dysplasia is a condition in which the ac-
etabulum is shallow and its roof is obliquely in-
clined laterally. As a result of this configuration,
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Fig. 14.1 Dysplastic right
hip with inadequate
coverage of the femoral
head

the anterior and superior aspect of the articular
cartilage of the femoral head is not adequately
covered (Fig. 14.1). This leads to abnormally
high stresses on the lateral edge of the acetabu-
lum, a situation that may cause osteoarthritis [1,
2], fracture of the rim of the acetabulum due to
excessive loading, and/or breakdown of the rim
of the acetabular cartilage [3]. The symptoms
of hip dysplasia usually occur in adolescents
and young adults (<45 years) with seven times
more incidence in females. If these patients were
treated with total hip replacement (THR), they
may require multiple revision surgeries during
their lifetime. Each revision surgery will become
substantially more invasive and challenging. Os-
teotomy of the hip, therefore, is commonly the
surgery of choice for young adults suffering from
dysplasia. Numerous outcome studies performed
during the last 30 years have shown that perform-
ing periacetabular osteotomy (PAO) on young
adults with dysplasia is a very effective surgery
and prevents or delays osteoarthritis of the hip
(e.g., [4, 5]).

The Bernese periacetabular osteotomy (PAO),
one of the most popular techniques for periac-
etabular osteotomy, aims at achieving optimum
coverage of the femoral head by recreating the
relatively normal anatomy and mechanics for the
dysplastic hip. This procedure can be performed
without compromising pelvic ring stability (Fig.
14.2). It consists of a sequence of cuts through the
ischium, pubis, and ilium. The procedure com-
pletely detaches the acetabulum from the rest of
the pelvis (Fig. 14.2). The cup is then reoriented

Fig. 14.2 Bernese PAO: the acetabular fragment (yel-
low) is osteotomized while maintaining pelvic stability

and fixed to the pelvis to improve the femoral
head coverage and contact pressure distribution
in the hip joint.

PAO is a technically challenging procedure
with a steep learning curve [6–8]; the acetab-
ular fragment must be detached with a limited
line of sight and without fracture of the pos-
terior column or damage to the hip joint (Fig.
14.2). There is always potential to damage the



14 Biomechanical Guidance System for Periacetabular Osteotomy 171

neural and vascular structures close to the site
of surgical activity [9]. Correct intraoperative
3D joint alignment is especially difficult [10]
and should be checked intraoperatively to im-
prove survivorship [11, 12]. Conventional pro-
cedures rely on limited feedback (typically, C-
arm x-ray images and surgeon experience) for
optimal joint alignment during the procedure.
Previous systems have been developed to navi-
gate tools during PAO [13, 14], which can help
the surgeon in making the difficult cuts that
do not allow a direct line of sight. However,
those systems only address the technical chal-
lenge of surgically releasing the acetabulum and
do not provide information regarding achieving
the surgical goals for intraoperative joint align-
ment. Because of the limited advantage, addi-
tional equipment cost, additional time needed
during the intervention, and space constraints in
the operating room (occluding the field of view
for optical trackers), at this time, few surgeons
in the world perform image-guided computer-
assisted PAO.

Several studies have proposed computer-
assisted surgery for PAO (e.g., [13–16]) and
described a number of potential benefits,
including preoperative planning, and visual feed-
back combined with intraoperative navigation.
However, the main limitation of each system
is either the lack of fragment tracking or the
inability to intraoperatively assess fragment
location. Real-time feedback of the joint
alignment and simulated joint contact pressures
has the potential to provide the surgeon with
necessary information to select and achieve
optimal joint alignment [12, 17–20].

In this chapter, we describe our efforts in the
development of a navigation system enabling
tracking of the detached bone fragment and algo-
rithms performing real-time biomechanical and
geometrical analysis, providing the surgeon with
anatomical measurements previously unavailable
[21–25]. To this end, the system has successfully
been used in 12 clinical investigations by Dr.
Lepisto at Orton Orthopaedic Hospital, Helsinki,
Finland, and 10 clinical investigations by Dr.
Kjeld Soballe at Aarhus University Hospital,
Denmark. We further discuss our more recent

efforts to address the disadvantages due to the
use of optical tracking by applying x-ray-based
biomechanical navigation and 3D fragment
tracking.

14.2 Overview of the System
Architecture

The workflow of the biomechanical guidance
system (BGS) workstation is shown in Fig. 14.3
and described below. Preoperatively, the partial
CT around the hip joint and a standing radio-
graph of the full pelvis is acquired (Fig. 14.3a).
Using the statistical atlas of dysplastic pelves,
the 3D model of the (full) pelvis of the pa-
tient is reconstructed (Fig. 14.3b) [26, 27, 29].
The BGS workstation segments and reconstructs
the acetabular cartilage from CT data and au-
tomatically calculates the radiographic angles
[22] (Figs. 14.3c and 14.4). The workstation will
also calculate the contact pressure distribution
around the joint for simulated walking, standing,
and sitting scenarios [18] (Fig. 14.3c). In the
BGS simulation/visualization environment, the
surgeon can manually or automatically find the
optimized joint position for the PAO surgery and
plan the osteotomy lines (Fig. 14.3h). Intraopera-
tively, The BGS can use two different methods
for tracking the position of osteotomized bone
fragment.

1. Navigation using optical tracking: The BGS
can use an optical tracking system for track-
ing the fragment position and calculating the
anatomical realignment angles. The surgeon
creates at least three bone burs on the frag-
ment and finds its position using a digitizer
probe tracked by an optical tracker (Polaris,
NDI Inc.) (Fig. 14.3e1) with respect to a
reference rigid body attached to the pelvis.
The details of the approach can be found
in [30].

2. X-ray-based navigation: Before performing
the osteotomy and after making skin incisions,
the surgeon can inject 1 mm diameter tanta-
lum radiopaque fiducials (shown as dots in
Fig. 14.3e2) into the pelvis in the ilium (sta-
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Fig. 14.3 BGS workflow with the use of two different methods for intraoperative navigation: (1) use of optical tracker,
(2) x-ray-based navigation with fiducials

tionary fragment) and into the bone around the
acetabular joint (the detached acetabular frag-
ment) using a bead injector (Halifax Biomed-
ical Inc.). The surgeon will then acquire two
x-ray images, and the BGS workstation will
perform 2D-3D registration to register the x-
ray image to the preoperative 3D model of

the pelvis and localize the fiducials on the
model coordinates frames (Fig. 14.3e2). At
any time after performing the osteotomies, the
surgeon can acquire an x-ray image and the
BGS workstation will then register the image
to the 3D model using the fiducials on the
stationary fragment. It will also determine the
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change in relative coordinates of the fiducials
on the detached fragment with respect to the
fiducials in the stationary fragment and use the
information to calculate the joint realignment
angles and simulate the joint contact pressures
(Fig. 14.3h) [31].

In general, the surgeon may need to con-
sider trade-offs and revise the surgical plan (Fig.
14.3i) for a variety of reasons (e.g., patient bone
quality, the strength of soft tissues around the
joint, variability of the bone fracture line due to
chiseling). The BGS will allow the surgeon to
update the plan and recalculate the biomechanics
and new joint angles when using any of the
above approaches. In the following we describe
the BGS modules and the evaluation experi-
ments performed for each module and the overall
system.

14.3 Planning Module

The planning module performs three tasks: (1)
estimates the full pelvis shape from the partial CT
scans of the pelvis around the hip joint with the
help of a statistical atlas of dysplastic hips, (2) au-
tomatically calculates the conventional anatomi-
cal angles (Fig. 14.4) and simulated contact pres-
sures (Fig. 14.3h) used for diagnosis of dysplasia,
and (3) determines the desired joint realignment
and osteotomy lines based on optimizing anatom-
ical angles and joint contact pressure.

14.3.1 Pelvis Shape Estimation

The hip osteotomy patient demographic consists
mainly of young (likely less than 45 years old) fe-
males without arthritis [9, 32]. Excess radiation is
a cause for concern among all patients, especially
those in this demographic group. Ideally, for the
diagnosis of dysplasia and conventional planning
of PAO, a partial CT around the hip joint is re-
quired. However, for biomechanical planning and
intraoperative registration as used for computer-
aided surgery procedures, a full pelvis CT will be
more desirable.

We have developed two approaches for extrap-
olating the missing pelvis anatomy using statis-
tical atlases. In the approach described in [26],
we performed a study by constructing a sta-
tistical atlas of 104 normal male pelves using
the process described in [33]. In this study the
model representation for the atlas consisted of a
tetrahedral mesh parameterizing the anatomical
shape and Bernstein polynomials approximating
CT intensities [34, 35]. We created partial CT
data from the full CT by manually segmenting
the partial volume and randomly sampling the
segmented volume. The registration of partial CT
to the statistical atlas consisted of rigid regis-
tration and principal component mode matching.
We also used an image-based 2D-3D registration
method with a standing AP radiograph with the
3D predicted model to see the effect of addi-
tional information on estimation accuracy. Using
leave-out experiments, simulation results show
that the accuracy of the atlas-extrapolated model
improved and was comparable with the full CT
model when x-ray images were used [26].

One of the issues with the above model is
the discontinuity in transition from the actual CT
data to the interpolated portion of the data. To
address this issue, we developed a smooth ex-
trapolation technique leveraging a partial pelvis
CT and a statistical shape model of the full pelvis
in order to estimate a patient’s complete pelvis.
Unknown anatomy was simulated by keeping the
axial slices of the patient’s acetabulum intact
and varying the amount of the superior iliac
crest retained, from 0 to 15% of the total pelvis
extent. The smooth technique showed an average
improvement over the cut-and-paste method of
1.31 mm and 3.61 mm, in RMS and maximum
surface error, respectively [29, 36].

As another approach, we developed a robust,
automated atlas-to-patient registration algorithm
by using statistics of the voxel-wise displacement
learned from computed deformation vectors on
a training dataset. This allows direct translation
of the template image to the patient image. Also,
the voxel-wise displacement approach is a more
natural fit for the goal of extrapolation of missing
data from the atlas since it does not require the
intermediate step of modifying/manipulating
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Fig. 14.4 Characteristic
anatomical angles for
diagnosis of dysplasia and
conventional planning of
PAO

the tetrahedral meshes. The details of the
approach were reported in [27]. Briefly the leave-
one-out experiments demonstrated 4.13 mm
error with respect to the true displacement
fields.

14.3.2 Geometrical
and Biomechanical Planning

The BGS uses meshed surface models generated
from the segmented CT scans of the pelvis to
visualize patient anatomy and plan the location of
the osteotomies. The articular surface of the car-
tilage model is developed on reformatted oblique
CT slices extending radially from the center of
femoral head as described in [22]. The biome-
chanical model uses linear [18] or nonlinear [37]
discrete element analysis (DEA), with and with-
out the measure of the cartilage thickness [25] to
estimate contact pressures. Briefly, this approach
models the cartilage region with a series of elastic
compressive elements assuming no deformation
of the acetabular bone in response to load. Loads
are applied through the center of the femoral head
to simulate standing [17] and the peak forces dur-
ing walking and sitting down [38]. The parame-
ters calculated in the mechanical analysis include
metrics for both the location and magnitude of
the peak contact pressure, as well as the hip range
of motion (Fig. 14.3c). The biomechanical plan-
ning system was evaluated on 12 patients with
developmental hip dysplasia. Consistent with 2-
year outcome studies, the results showed that
in all but one patient, the peak contact pressure
significantly reduced postoperatively. The range
of contact pressures reported preoperatively was

1.9 to 7.7 MPa, while postoperatively the range
showed an improvement of 1.4 to 3.2 MPa. The
details of this study were reported in [18].

The BGS also performs geometric charac-
terization of the acetabulum using radiographic
angles measured through CT reformats and x-
ray projections (Fig. 14.4). The angles include
the center edge (CE), acetabular inclination (AC)
in the frontal plane, superior-anterior coverage
(S-AC) in the sagittal plane, and the acetabu-
lar anteversion (AcetAV) in the transverse plane
(Fig. 14.4). The detail of the calculations of these
angles by the BGS is reported in [30].

14.4 Navigation Module

The BGS tracks the osteotomized fragment
throughout the procedure. In addition to
visualization, the BGS quantitatively reports
the position of the fragment and updates and
compares the mechanical analysis with that of
the plans. The two approaches used for the BGS
navigation is as follows:

14.4.1 Navigation with Optical
Tracker

For this approach, the surgeon mounts a reference
rigid body (NDI Inc. Waterloo, Canada) to either
the contralateral or ipsilateral iliac crest using
a 20 × 4 mm bone pin (Stryker, Kalamazoo,
MI, USA). The BGS uses a two-stage process
to register the subject-specific pelvis computer
model developed from CT data to the patient.
First, a coarse registration is performed by select-
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ing anatomical landmarks in the CT model and
by touching the corresponding landmarks on the
patient’s pelvis using a navigated digitizer probe.

Next, surface points are collected from pa-
tient’s accessible bony regions using the navi-
gated digitizer probe, and a fine point to surface
registration is performed using iterative clos-
est points (ICP) [39] or unscented Kalman fil-
ter (UKF) [40] technique. After registration, the
surgeon creates and digitizes four burrs on the
expected fragment (Fig. 14.3e1) to localize the
fragment throughout the surgery. As the surgeon
positions the fragment, at any time during the
operation, he/she can touch the burs using the
digitizing probe. The software will then recalcu-
late and visualize the fragment position, simulate
the magnitude and position of the peak con-
tact pressure, and report both desired and actual
anatomical characteristic angles. We performed
a set of 19 cadaver studies to evaluate the sys-
tem accuracy and refine the surgical protocol.
Postoperative CT scans of the cadavers were
obtained, and the accuracy of the intraoperative
calculation of the angles was compared against
the postoperative CT data. The results showed
strong agreement (about 2 degrees) among intra-
and postoperative angles in all three dimensions.
The details of the work can be found in [30].

14.4.1.1 X-ray-Based Navigation
While the optical trackers have been shown to be
reliable tools for the development of navigation
systems for tracking the surgical tools in real time
and tracking the detached bone fragment as dis-
cussed above, they suffer some disadvantages:

1. Surgeons are most accustomed to x-ray im-
ages and trust the images obtained by x-ray
more than the visualization created from aug-
mented reality using CT models and optical
tracking.

2. Optical tracking requires additional reference
bodies attached to the bone as well as specifi-
cally modified surgical tools.

3. Recent less invasive PAO surgeries with less
than 10 cm skin incision (e.g., Dr. Soballe’s
approach [41]) will impose serious challenges
to the use of optical trackers,especially for sur-

face registration methods requiring exposure
of considerable amount of pelvic bone sur-
face.

4. The visualization based on optical tracking
cannot substitute the need for x-ray images, as
surgeons cannot reliably monitor some of the
more challenging posterior osteotomy cuts via
chiseling when using the virtual model.

The BGS can use an alternative approach
for tracking the fragment and performing
biomechanical guidance using x-ray images only.
Tracking the acetabular fragment is essential
to automated measurements of the anatomical
angles and intraoperative biomechanical analysis
without disrupting surgical workflow and
eliminating the need for external tracking
devices.

For x-ray-based navigation, after performing
the skin incisions, the surgeon injects a series of
radiopaque fiducials (1.0 mm diameter tantalum
beads) to the stationary pelvis fragment (e.g.,
iliac wing) and the acetabular (moving) fragment
similar to the approach approved for Roentgen
stereometric analysis (RSA) using a bead injector
(Halifax Biomedical Inc., Halifax, Canada) (Fig.
14.5). With the acetabulum intact and fiducials
affixed, the surgeon acquires two to three x-
ray images. A 2D-3D registration framework
estimates the relative pose of the x-ray images
and registering the patient anatomy of interest
to the preoperative model obtained from CT
scanner. Briefly, the registration framework is as
follows:

1. Preoperatively acquired diagnostic CT data is
converted into a volume image represented by
line attenuation coefficients.

2. An initial estimate of the relative pose be-
tween each x-ray image and CT data will
be used to start the registration process. This
is achieved by determining some anatomical
landmarks on the pelvis anatomy (e.g., ASIS,
ISIS, etc.) and performing a point-based reg-
istration.

3. Digitally reconstructed radiographs (DRRs)
will be generated from preoperative CT data
using GPU-based implementation of the DRR
using trilinear interpolation algorithm [42].
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Fig. 14.5 The tantalum 1 mm beads (black dots) injected
into the ilium and the detached acetabular fragment

4. A measure of similarity between x-ray images
and DRR images (e.g., normalized cross-
correlation of 2D Sobel gradients (Grad-
NCC), gradient information (GI), or mutual
information (MI)) is used as an objective
function. A multi-resolution optimization
approach maximizes the similarity between
images.

5. After registration the corresponding location
of each fiducial can be localized on the CT
image, and the exact geometry of each of the
two sets of fiducials (on stationary and moving
fragments) can be determined.

For the first x-ray image set prior to
osteotomy, the fiducials on the stationary
fragment (ilium) define a common reference
frame for future images, and the acetabular
fragment fiducials define the initial fragment
position. For intraoperative data, we can perform
a feature-based registration [43] between the
fiducials on the stationary fragment to align the
current imaging frame with the preoperative
imaging frame. The transformation of the
fiducials on the acetabular fragment between pre-
and intraoperative imaging frames quantifies the
motion of the acetabular fragment. The system
additionally provides the visualization of the

current fragment location compared with the
preoperative and planned location.

As mentioned above, the anatomical angles
and biomechanics will be determined based on
the new position of the acetabular fragment.
If needed, the surgeon can update the surgical
plan (due to the potential constraints), and the
BGS workstation will intraoperatively update
the target anatomical angles and biomechanics
and allow the surgeon make the necessary
trade-offs.

In a preliminary study, we attached eight stain-
less steel fiducials (four on the ilium and four
around the hip joint) to a high-density plastic
sawbone and performed PAO cuts around the hip
joint. We obtained CBCT from the pelvis prior
(preop) and after moving the acetabular fragment
(postop). On four arbitrary x-ray images, we
performed 2D-3D registration to find the trans-
formation between the preop 3D model and the x-
ray images. We then backprojected the fiducials
in the x-ray images to obtain their 3D coordinates
and compared it to the location of the fiducials
on the acetabular (moving) fragment in postop
CBCT (ground truth). We found a rotation error
of 1.4 degrees which is within the acceptable
error range (<3 degrees) for acetabular fragment
placement [31].

14.5 Clinical Experience

In addition to multiple cadaver studies, the
BGS with optical tracking has been used to
perform a series of 12 consecutive PAO surgeries
on 11 patients (including a bilateral PAO) at
Orton Orthopaedic Hospital in Helsinki, Finland
(approved by JHM IRB #NA_00001257), by Dr.
Jyri Lepisto [44]. The patient cohort included 3
males and 8 females with the mean age of 34
(ranging from 22 to 28 years). For this study pa-
tients with concurrent femoral pathologies such
as slipped capital femoral epiphysis or Legg-
Calve-Perthes syndrome were excluded from
the study.

For this study, the CT scans of pelves with
2 mm spacing between slices were obtained
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prior to the surgeries. The CT images were
then resampled and segmented with 1 mm
slices. The points along acetabular rim were
then digitized to develop the acetabular contact
surface using lunate trace method as described
in [22].

For these surgeries, following an incision on
the iliac crest, the surgeon attached a removable
rigid body (RB) to the contralateral iliac crest
using an anchoring pin. Prior to any osteotomy,
the surgeon digitized three landmarks on the
pelvis (the ASIS and AIIS on the ipsilateral
side and the ASIS on the contralateral side) that
were previously defined in the CT model. After
osteotomizing the anterior inferior iliac spine as
part of the exposure, a bone burr was used to
create a set of four 1.5 mm concavities on the
iliac cortex (so-called confidence points similar
to Fig. 14.3e). A coarse registration was then per-
formed using the above three landmarks. Next,
the surgeon collected a series of points on the
exposed portions of pelvis. The data acquired was
used to perform fine registration using iterative
closest point [39] and/or unscented Kalman fil-
ters [40]. After registration the surgeon created
two osteotomy cuts without repositioning the
fragment. He then created four additional bone
burrs on the osteotomized fragment. After per-
forming osteotomies, the surgeon released and
repositioned the fragment. He then assessed the
position of the fragment by placing a digitizing
probe on each of the four bone burr concavities in
the fragment. The BGS used this data to calculate
the 3D position of the fragment, the anatomical
angles (Fig. 14.4), and the simulated contact
pressure distribution on the articular joint (Fig.
14.3e1). The data was then compared with the
preoperative plan.

To validate the BGS tracking, we compared
intraoperative measurements to postoperative CT
scans taken at least 4 months after each surgery.
Overall, the BGS data acquisition did not in-
troduce any major difficulties for the surgeon.
The surgical time was comparable to the conven-
tional approach (ranging from 95 to 210 min).
The BGS measured fragment positioning was in
good agreement with the postoperative CT mea-
surements performed 4 months later (mean 3.7

degrees). The details of the clinical experience
were reported in [44].

14.6 Limitations and Ongoing
Work

The BGS addresses some of the existing chal-
lenges in performing PAO including steep learn-
ing curve, limited line of sight, limitation of cur-
rent conventional methods for three dimensional
tracking of the osteotomized fragment position,
and lack of intraoperative biomechanical analysis
tools. Notably, the system allows the surgeon
to perform real-time analysis and update of the
surgical plan as needed. Several aspects of the
BGS can be improved with additional research.
The biomechanical analysis is based on the sim-
ulation of the contact pressure. Our biomechan-
ically based simulation for the correction of the
joint position is commonly in agreement with the
established ideal ranges for characteristic angles
(current gold standards). The simulation meth-
ods used, however, can be considered the first
order of approximation of the acetabular joint
contact pressure. Addition of more details to the
biomechanical model (e.g., modeling the effect
of labrum, cartilage thickness, etc.) may further
help to improve the accuracy of the outcome
predictions. Moreover, the addition of details to
the model must be validated against more sophis-
ticated cadaveric experimentations and multiyear
outcome studies on patients undergoing PAO.

The BGS supports navigation using both op-
tical trackers and fluoroscopic C-arm. Our ongo-
ing work has shown the promise of x-ray-based
navigation with fiducials. However, image-based
navigation system without the use of fiducials
seems to be a more promising approach. Our
very recent work demonstrates that if the PAO
cuts closely follow that of the preoperative plan,
the osteotomized fragment position can be suc-
cessfully tracked at any time during the surgery
by performing 2D-3D registration on 2–3 x-ray
images. Furthermore, our current work focuses
on showing that approaches for intraoperatively
updating the preoperatively planned PAO cuts
may also help in eliminating the use of fiducials
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by improving the fragment model accuracy. The
accuracy of the latter technique is currently under
investigation.
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15Gravity-Assisted Navigation System
for Total Hip Arthroplasty

Guoyan Zheng

Abstract

In this chapter we propose a new system that
allows reliable acetabular cup placement in
total hip arthroplasty (THA) when the surgery
is operated in lateral approach. Conceptually it
combines the accuracy of computer-generated
patient-specific morphology information with
an easy-to-use mechanical guide, which ef-
fectively uses natural gravity as the angu-
lar reference. The former is achieved by us-
ing a statistical shape model-based 2D-3D
reconstruction technique that can generate a
scaled, patient-specific 3D shape model of the
pelvis from a single conventional anteroposte-
rior (AP) pelvic X-ray radiograph. The recon-
structed 3D shape model facilitates a reliable
and accurate co-registration of the mechanical
guide with the patient’s anatomy in the oper-
ating theater. We validated the accuracy of our
system by conducting experiments on placing
seven cups to four pelvises with different
morphologies. Taking the measurements from
an image-free navigation system as the ground
truth, our system showed an average accuracy
of 2.1 ± 0.7◦ for inclination and an average
accuracy of 1.2 ± 1.4◦ for anteversion.
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15.1 Introduction

Total hip arthroplasty (THA) is one of the
most frequent orthopedic surgical interventions.
Proper positioning, in particular angulation of
the acetabular cup, is essential for improving the
success of total hip arthroplasty. Previous studies
[1–6] demonstrate that higher rates of pelvis
osteolysis and component migration have all
been well-associated with the malpositioning
of the acetabular component, and surgical
experience indicates that improper orientation of
the acetabular component in terms of anteversion
and inclination is the major cause of dislocation.
As the risk of dislocation is significantly higher in
those who have already experienced dislocation
or after revision surgery [6], obtaining proper cup
orientation during primary surgery is crucial.

© Springer Nature Singapore Pte Ltd. 2018
G. Zheng et al. (eds.), Intelligent Orthopaedics, Advances in Experimental Medicine
and Biology 1093, https://doi.org/10.1007/978-981-13-1396-7_15

181

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-1396-7_15&domain=pdf
mailto:guoyan.zheng@istb.unibe.ch
https://doi.org/10.1007/978-981-13-1396-7_15


182 G. Zheng

Optimal ranges for angular cup position in
terms of anteversion and inclination of the ac-
etabular component have been extensively de-
bated in the literature. Several so-called safe
zones have been suggested. Lewinnek et al. de-
scribed a safe zone of 5◦–25◦ for anteversion
and 30◦–50◦ for inclination [5]. They found that
acetabular cups placed outside this safe zone
were approximately four times as likely to dis-
locate. Consequently optimal cup positioning re-
quires that the surgeon attains adequate and re-
producible angulations of the acetabular compo-
nent with respect to the patient’s individual pelvic
morphology.

State-of-the-art mechanical guides, which are
used in the vast majority of THAs, are easy to
handle but cannot be registered to the individual
pelvic morphology. Angular orientation is gained
from reference objects in space-fixed coordinates
and may be corrected/optimized through the sur-
geon’s expert knowledge. A study conducted by
DiGioia et al. [7], in which they used navi-
gation technology to evaluate the performance
of mechanical guides, found that 78% of the
inserted cups would have been implanted outside
the safe zone as suggested by Lewinnek et al.
[5].

The search for alternatives was unsuccess-
ful until modern optoelectronic tracking robotic
technology was introduced to the field of or-
thopedics. Previously, a variety of image-based
and image-free so-called navigation systems have
been introduced for THA [8–13], which for the
first time allowed co-registration of the patient’s
pelvic morphology. Despite encouraging results
of smaller clinical trials and an early widespread
enthusiasm, some drawbacks of navigation tech-
nology have been identified, which prevent their
widespread use in clinical routine. Current crit-
icism focuses on (a) significant investments re-
quired for acquisition and running costs for main-
tenance and use (training of users, additional
operating room (OR) time, disposable markers,
etc.); (b) all navigation systems proposed to date,
no matter what image modality is used, have
difficulty when the THA is operated in lateral
approach, which is the approach of choice for
more than 80% of THAs worldwide [13]; (c) the

steep learning curve and the system complexities,
which may result in 10–20% failure cases [12];
(d) optoelectronic tracking technology used in
most navigation systems requires a straight line
of sight, which is often difficult to maintain
during surgery without paying additional efforts
and time; (e) CT-based systems require CT scan,
usually not performed for diagnosis, generating
unnecessary radiation exposure to the patient
and significant additional cost; (f) for image-free
navigation systems, significant intra- and inter-
observer variability caused by variations during
digitization of the anatomical landmarks, espe-
cially the one in the pubic region, was observed
[14]; and (g) fluoroscopy-based navigation sys-
tems [12] have the advantage of eliminating a
CT scan and achieving an equivalent accuracy.
However, such a technology requires calibration
of the image intensifier, and it was judged to
be too cumbersome and time-consuming to in-
traoperatively manipulate the C-arm device for
multiple image acquisition [12].

Recently, several groups [15–17] described
methods to use the constant direction of the force
of gravity as a reference in THA. Asayama et
al. [15, 16] introduced a three-direction indicator
to control intraoperative pelvic motion during
THAs. The three-direction indicator incorporates
a digital compass with two goniometers, as well
as a pendulum and target apparatus. It allows
for controlling only pelvic motion by measuring
the three-dimensional (3D) angle formed by the
gravitational direction and the Steinmann pin
inserted into the iliac bone to fix the direction
indicator. No control of acetabular cup placement
was considered with this device. Echeverri et
al. [17] described a gravity-assisted system to
control both the pelvic motion and the acetabular
component placement. Like any other mechani-
cal guide, this system is simple to use, but it is
also highly flawed. This is due to the fact that
the alignment system developed by Echeverri et
al. was placed in a fixed orientation relative to
the shaft of a cup placement instrument, which
in the best case scenario can be understood as
being calibrated with respect to the morphology
of a fixed pelvis without considering the mor-
phological difference between the future pelvis
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to be navigated and the fixed pelvis used for
calibration. It simply does not work due to the
inherent morphological variations in human be-
ing. A recent simulation study of this device on
48 patient data revealed a maximum anteversion
error of as high as 15◦ [18].

To address the limitations in the existing
gravity-based systems, we developed a new
gravity-assisted navigation system termed as
“patient-specific, gravity-assisted navigation
system” or “PS-GANS” in abbreviation.
Conceptually it combines the accuracy of
computer-generated patient-specific morphology
information with an easy-to-use mechanical
guide, which effectively uses natural gravity
as the angular reference. Unlike the existing
gravity-based systems, our system allows for
calibration of the mechanical guide with respect
to the patient-specific morphology, which is
obtained by using a statistical shape model-
based 2D-3D reconstruction technique that can
generate a scaled, patient-specific 3D shape
model of the pelvis from a single conventional
anteroposterior (AP) X-ray radiograph. The
reconstructed 3D shape model facilitates a
reliable and accurate co-registration of the
mechanical guide with the patient’s anatomy
in the operating theater.

15.2 Materials and Methods

15.2.1 Notations

Throughout the paper, we always establish a local
coordinate system of a rigid body on a local refer-
ence plane of the entity. Thus, without explicitly
stating, we always name the local coordinate sys-
tem after the local reference plane. Furthermore,
a vector v that is defined in a local coordinate
system X will be noted as vX. But if we would
like to know the axis v of a local coordinate
system X in another local coordinate system Y,
we will note it as vYX. A rigid body transformation
from a local coordinate system X to another local
coordinate system Y will be noted as TYX. The
inverse of this transformation will be recorded as
TXY. As in most of the time, we are only interested
in knowing the orientation of a vector in a local
coordinate system; knowing the rotational part
RYX of the rigid body transformation TYX is enough
for our purpose.

15.2.2 System Overview

Our system requires three bull’s-eye bubble lev-
els, as shown in Fig. 15.1. The first one is called
witness bubble level that is fixed on the iliac

Fig. 15.1 An overview of the PS-GANS system
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Fig. 15.2 (a) Schematic view of the relationship between
the APP, the IRP, and the IAP (IDP) when the cup is

placed in the desired orientation. (b) The mechanical
guide attached to the cup placement instrument and the
definition of the IDP

crest and is designed together with the one on
the pelvic positioning device to place the pelvis
to strict lateral decubitus. As soon as the pelvis
is placed at strict lateral decubitus by using the
pelvic positioning device, one can adjust a stan-
dard clamp to set the witness level’s bubble to
the center and move away the pelvic positioning
device (see below for details). The witness level
then acts as a witness, identifying the strict lateral
decubitus position of the pelvis throughout the
operation. The third one is called the instrument
bubble level that is placed on a mechanical guide
that is rigidly attached to the cup placement
instrument for controlling cup orientation to the
desired anteversion and inclination. Please keep
it in mind that all the passive markers appearing
in Fig. 15.1 are only for our validation purpose
and are not required to use our system.

15.2.3 Coordinate Systems

Before we describe the details about how the
patient-specific system calibration is done, we
would like to first present a summary of all four
local reference planes as well as their associated

local coordinate systems that will be used in the
calibration. See Fig. 15.2a for an overview.

Jamaraz et al. [10] introduced the anterior
pelvic plane (APP) concept for measuring antev-
ersion and inclination of the acetabular cup in
their computer-assisted acetabular cup placement
system. The APP is a reference plane of the
human pelvis and, thus, allows the exact def-
inition of a corresponding 3D local coordinate
system as shown in Fig. 15.2a. It is based on three
landmarks: bilateral anterior superior iliac spines
(ASIS) and the geometric center of two pubic
tubercles. The APP x-axis points to the patient’s
operating side, parallel with the line between the
iliac spine points. The y-axis points inferior. The
angular orientation of the acetabular component
can be directly put into relation to the APP.

It is difficult, if it is not impossible, to lo-
cate the orientation of the APP without using
a positional tracking device, largely due to the
difficulty in mechanically aligning the geomet-
ric center of two pubic tubercles. In this work,
we propose and use a new reference plane that
is called intraoperative reference plane (IRP),
which is defined by two lines that can be mechan-
ically aligned with the design of our system: the
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line connecting the bilateral ASISs (we named
it as the ASIS line) and the line CA from the
cup center of the operating side to the ASIS
of the operating side (we named it as the CA

line). Similar to how we establish a 3D local
coordinate system on the APP, we also establish a
3D local coordinate system on the IRP, as shown
in Fig. 15.2a, where we translate the origins of
both coordinate systems to the acetabular center
of the operating side. As we are only interested
in the orientation of the acetabular component,
such a translation does not affect our analysis and
computation below. The x-axis of the IRP local
coordinate system has the same orientation as the
x-axis of the APP local coordinate system, while
the y-axis of the IRP local coordinate system is
chosen to be a vector that is inside the IRP and
perpendicular to the x-axis. The z-axis of the IRP
local coordinate system can be computed from
the cross product of the x-axis and the y-axis of
the IRP local coordinate system.

The so-called instrument design plane (IDP)
is a plane that is defined by the design of the me-
chanical guide as shown in Fig. 15.2b. Physically,
it is defined by the instrument axis and a curved
metal rod called the pitch pointer, as shown in
Fig. 15.2b. The pitch pointer is calibrated to be
always inside the IDP and to be freely rotated
around a fixed axis at the distal end of the cup
placement instrument. We could establish a local
coordinate system on the IDP as follows. The
origin of this local coordinate system is chosen
to be the center of the attached cup; the x-axis is
chosen to be the instrument axis, and the y-axis
is defined as a vector that is inside the IDP and
perpendicular to the x-axis. The z-axis of the IDP
local coordinate system can be computed from
the cross product of the x-axis and the y-axis of
the IDP local coordinate system.

Given a desired orientation of the cup (e.g., a
typically desired orientation of the cup is 20◦ an-
teversion and 45◦ inclination with respect to the
APP), we can construct a virtual instrument axis
with respect to the APP of the pelvis using the
method introduced by Murray [19], and we call
its direction as V IAPP . This axis together with
the CA line defines the instrument alignment
plane (IAP), to which the IDP should be aligned

in order to place the cup in the desired orientation
using the method described below. Thus, similar
to how we define a local coordinate system on the
IDP, we also establish a local coordinate system
on the IAP (see Fig. 15.2a for a schematic view
of how the local coordinate system of the IAP
is established). More specifically, we take the
virtual instrument axis as the x-axis of the IAP
local coordinate system. The y-axis is defined as
a vector that is inside the IAP and perpendicular
to the x-axis.

15.2.4 System Calibration

System calibration here means to define the ori-
entation of the instrument bubble level as shown
in Fig. 15.2b with respect to the local coordinate
system of the IDP for a given pelvis whose mor-
phology is known (the exact morphological infor-
mation that our system requires will be described
below), so that when all system requirements
are satisfied (see below for the details about our
system requirements) and when the bubble of
the instrument level is oriented to the center, the
axis of the cup placement instrument should be
aligned with the virtual instrument axis that is
constructed according to the desired orientation
of the cup.

Without loss of generality, let’s assume that
the x-axis of the IRP of the given pelvis is
[ 1 0 0 ]T , the y-axis of the IRP is [ 0 1 0 ]T , and
the z-axis is [ 0 0 1 ]T . As the morphology of this
pelvis is given, we assume that we know the angle
θ between its APP and its IRP, and we further
assume that we know the orientation of the CA

line in the local coordinate system of the IRP,
which is defined as CAIRP . Using angle θ , we
can find the rotation between the local coordinate
system of the IRP and the local coordinate sys-
tem of the APP, RIRP

APP , and the inverse rotation
RAPP

IRP as well. With rotation matrix RIRP
APP , one

can transform the vector V IAPP from the local
coordinate system of APP to the local coordinate
system of IRP and denote it as V IIRP .

V IIRP = RIRP
APP (θ) · V IAPP (15.1)
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Fig. 15.3 (a) This image shows how to use the pelvic
positioning device to place the pelvis in strict lateral
decubitus and then to set the witness level at zero; (b) this

image illustrates the touch of the pitch pointer on the ASIS
of the operating side during cup placement navigation

When our system would be used for the navi-
gation of the cup placement, additionally we re-
quire that (A) the pelvis should be placed in strict
lateral decubitus, which means that the ASIS line
should be parallel to the constant direction of
the force of gravity (but with opposite direction).
This is realized intraoperatively by using the
pelvic positioning device and the witness level,
as shown in Fig. 15.3a, following the procedure
introduced by Echeverri et al. [17]; and (B) the

pitch pointer should touch on the ASIS of the op-
erating side of the pelvis, as shown in Fig. 15.3b.
As only a thin layer of soft tissue exists on top of
the ASIS of the operating side, this landmark can
be easily palpatable by a surgeon [13].

According to the requirement (A), the con-
stant direction G of the force of gravity in the IRP
coordinate system can now be represented as:

GIRP = [−1 0 0 ]T (15.2)
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When the cup would be placed in the desired
orientation by the cup placement instrument and
at the same time when the requirement (B) is
satisfied, the IDP would be aligned with the
IAP (see Fig. 15.2a for details). Thus, at this
moment, the orientations of the axes of the local
coordinate system of the IDP (or the IAP, as
the IDP is aligned with the IAP) with respect
to the local coordinate system of the IRP of the
pelvis are:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

xIRP
IDP = V IIRP

zIRP
IDP = V IIRP ×CAIRP

|V IIRP ×CAIRP |
yIRP

IDP = zIRP
IDP × xIRP

IDP

(15.3)

where “×” means the cross product of two vec-
tors.

And the rotation from the local coordinate
system of the IRP to the local coordinate system
of the IDP is:

RIDP
IRP = [RIRP

IDP ]T = [xIRP
IDP yIRP

IDP zIRP
IDP ]T

(15.4)
We thus can transform the constant direction

of the force of gravity from the local coordinate
system of the IRP to the local coordinate system
of the IDP:

GIDP = RIDP
IRP · GIRP (15.5)

We could then further compute the three an-
gles between GIDP with all three axes of the local
coordinate system of the IDP. Given an arbitrary
fixation point on the cup placement instrument,
these three angles will uniquely determine an
alignment direction along which the instrument
bubble level should be placed such that when
the bubble is placed to the center by orienting
the cup placement instrument and its attached
level and when the above two requirements are
satisfied, the cup will be placed in the desired
orientation. This principle has been used to de-
sign a mechanical guide as shown in Figs. 15.2b
and 15.3b. The mechanical guide has an intra-
operatively exchangeable steel block with a set
of pre-manufactured holes, where each hole de-
fines an alignment orientation along with which

the instrument bubble level should be placed.
Intraoperatively, according to the desired cup ori-
entation and the patient-specific morphological
information, the surgeon can choose the right
steel block with the correctly oriented hole to
place the instrument bubble level.

15.2.5 2D-3D X-ray Radiograph
Reconstruction-Based
Morphological Information
Derivation

As clearly indicated in the above calibration pro-
cedure, the system calibration is a patient-specific
task. Given a desired cup orientation, the exact
decomposition of the constant direction of the
force of gravity with respect to the three axes of
the local coordinate system of the IDP depends
on two patient-specific morphological parame-
ters: (a) the angle θ between the APP and the IRP
of the pelvis and (b) the orientation of the CA line
in the local coordinate system of the IRP of the
pelvis. Both parameters can be easily obtained
from a CT or a MRI scan. However, these have
the disadvantages that they are expensive, time-
consuming, and/or induce high-radiation doses to
the patient. More importantly, they are not part
of the standard treatment loop of every patient in
clinical routine. In this paper, we propose to use
a statistically deformable 2D-3D reconstruction
technique [20], which can reconstruct a scaled,
patient-specific 3D model from a single conven-
tional AP pelvic X-ray radiograph based on a
statistical shape model of the pelvis. The recon-
structed model can then be used to extract all the
required morphological parameters. Figure 15.4
shows one example of applying this technique
to reconstruct a 3D surface model of the pelvis
from a conventional AP pelvic X-ray radiograph.
Another example of the single image-based 2D-
3D reconstruction of a pelvis used in our exper-
iment which has different morphology from the
one shown in Fig. 15.4 is presented in Fig. 15.5.
As we are only interested in the angular or orien-
tational information, a scaled, patient-specific 3D
model will be accurate enough for our purpose.
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Fig. 15.4 One convention AP pelvic X-ray radiograph of a pelvis used in our experiment (left) and the model
reconstructed from the radiograph (right)

Fig. 15.5 Another example of the single image-based
2D-3D reconstruction of a pelvis used in our experiment
which has different morphology from the one shown in

Fig. 15.4. Left: a convention AP pelvic X-ray radiograph
of the pelvis; right: the model reconstructed from the
radiograph

15.3 Experiments and Results

We designed and conducted two studies on plac-
ing seven cups to four pelvises with different
morphologies (four left sides and three right
sides) to validate the accuracy of the present
system. As all the pelvises were dry bones, we
implemented an image-free navigation system
following the principles introduced by Dorr et
al. [13] to get the ground truth measurement for
each experiment. Every time when the bubble

of the instrument level is placed at the center,
we recorded the measurements of the image-free
navigation system. For all the experiments, the
desired cup orientation is set to be 45◦ inclination
and 20◦ anteversion.

For the first study, we acquired one conven-
tional AP X-ray radiograph for each pelvis. The
morphological information extracted from a sur-
face model that was reconstructed from the X-
ray radiograph of the associated pelvis was used
to calibrate our system. This study was designed
to validate the accuracy of the present system in
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Table 15.1 Difference between the desired cup orientation and the cup orientation actually achieved by the present
system

Angle B_01, L B_01, R B_02, L B_02, R B_03, L B_03, R B_04, L Mean

Anteversion (◦) 0.1 0.4 0.8 3.4 0.2 3.0 0.6 1.2 ± 1.4

Inclination (◦) 1.6 1.8 1.8 2.2 1.4 3.4 2.6 2.1 ± 0.7

Table 15.2 Difference between the desired cup orientation and the actually achieved one when different X-ray
radiographs were used

Angle Img_01 Img_02 Img_03 Img_04 Img_05 Mean

Anteversion (◦) 1.4 0.8 0.7 1.1 0.0 0.8 ± 0.5

Inclination (◦) 2.3 1.9 2.3 2.0 2.2 2.1 ± 0.2

placing the acetabular cups to different pelvises
with different morphologies. For this purpose,
every time when the bubble of the instrument
level was placed at the center and when both
system requirements were satisfied, the recorded
measurements from the image-free navigation
system were compared to the desired cup orienta-
tion. Table 15.1 summarizes the placement errors
where an average accuracy of 2.1 ± 0.7◦ was
found for inclination and an average accuracy of
1.2 ± 1.4◦ was found for anteversion.

The second study was designed to validate
how sensitive the present system is to the ori-
entation of the pelvis with respect to the X-ray
table during image acquisition. For this purpose,
one pelvis (B04) was chosen, and the pelvis was
placed in different orientations with respect to
the X-ray plate. Starting from an initial position,
which we defined as the 0◦ position, we tilted
the pelvis around the acetabular center line in
one direction with an incremental interval of 5◦
until 20◦, and at each orientation we acquired
one X-ray radiograph. We thus obtained five X-
ray radiographs of the same pelvis. We then
reconstructed a surface model of the pelvis from
each X-ray radiograph and used the reconstructed
model to derive morphological parameters for the
instrument calibration. Based on the calibration,
we performed the similar experiments as we did
in the first study. Table 15.2 shows the placement
errors when different X-ray radiographs were
used to derive the patient-specific morphological
parameters.

15.4 Discussions and Conclusions

In this paper, we presented a patient-specific,
gravity-assisted navigation system for high-
precision placement of acetabular cup for THA
operated in lateral approach. It starts with a
2D-3D reconstruction of a scaled, patient-
specific 3D surface model of the pelvis from
one conventional AP pelvis X-ray radiograph.
The reconstructed 3D model facilitates a reliable
and accurate co-registration of a gravity-assisted
mechanical guide with the patient’s anatomy in
the operating theater. We validated the accuracy
of our system by conducting experiments
on placing seven cups to four pelvises with
different morphologies. The experimental results
demonstrated the efficacy of the present system.

The rationale of using the measurements of
an image-free navigation system as the ground
truth in our experiment should be discussed. Pre-
viously, several studies [21–23] have suggested
that CT-based solutions seem to be the most
reliable method for noninvasive postoperative as-
sessment of the acetabular cup orientation with
experienced and trained observers. Probably this
is true for those studies where there are no direct
bone access to the anatomical landmarks that are
required to precisely calculate the postoperative
cup orientation. In such a situation, all the re-
quired landmarks have to be digitized percuta-
neously, which lead to errors in determining the
cup orientation. In contrast, in the present study,
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all pelvises used in our experiment are dry bones.
We can thus do direct bone digitization with our
image-free navigation system, which may result
in more accurate ground truth than the CT-based
method according to what have been reported by
Lin et al. [24].

Our system offers several advantages in com-
parison to other existing systems. First, instead
of using a positional tracker, whose price ranges
from several thousand Euros to dozens of thou-
sand Euros, our system uses a mechanical guide
with bull’s eye-bubble level indicators, taking
advantage of the constant direction of the nat-
ural gravity force as a globally available ref-
erence for acetabular cup placement. Second,
unlike most previously introduced mechanical
alignment units, our system allows for a cal-
ibration with respect to the patient’s individu-
alized morphology. Furthermore, in our system
the patient-specific morphological information is
derived from a 3D surface model of the pelvis
that is reconstructed from a conventional AP X-
ray radiograph using a statistically deformable
2D-3D registration approach. No CT/MRI scan
is required. Our system is completely integrated
with the standard treatment protocol.
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163D Visualization and Augmented
Reality for Orthopedics
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Abstract

Augmented reality (AR) techniques play an
important role in the field of minimally in-
vasive surgery for orthopedics. AR can im-
prove the hand–eye coordination by provid-
ing surgeons with the merged surgical scene,
which enables surgeons to perform surgical
operations more easily. To display the nav-
igation information in the AR scene, medi-
cal image processing and three-dimensional
(3D) visualization of the important anatomical
structures are required. As a promising 3D
display technique, integral videography (IV)
can produce an autostereoscopic image with
full parallax and continuous viewing points.
Moreover, IV-based 3D AR navigation tech-
nique is proposed to present intuitive scene
and has been applied in orthopedics, including
oral surgery and spine surgery. The accurate
patient-image registration, as well as the real-
time target tracking for surgical tools and the
patient, can be achieved. This paper overviews
IV-based AR navigation and the applications
in orthopedics, discusses the infrastructure re-
quired for successful implementation of IV-
based approaches, and outlines the challenges

L. Ma · Z. Fan · G. Ning · X. Zhang · H. Liao (�)
Department of Biomedical Engineering, School of
Medicine, Tsinghua University, Beijing, China
e-mail: liao@tsinghua.edu.cn

that must be overcome for IV-based AR navi-
gation to advance further development.

Keywords

Three-dimensional visualization ·
Augmented reality · Integral videography ·
Orthopedics

16.1 Introduction

Image-guided techniques are important in ortho-
pedic surgery for helping surgeons to understand
the real-time spatial relationships between dif-
ferent detailed anatomical structures and surgical
targets and tools better. It can guarantee the safety
and accuracy of the surgery by using the image-
guided techniques [1, 2]. Image-guided tech-
niques have been applied widely in orthopedic
procedures, and intuitive visualization is vital for
surgeons to guide their surgical operation. How-
ever, navigation information in common image-
guided systems are always displayed on a two-
dimensional (2D) display screen away from the
surgical site. This setup leads a hand–eye coor-
dination problem for surgeons’ operation. The
operations’ efficiency as well as accuracy is sig-
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nificantly reduced because that surgeons have to
keep switching focus between the screen and the
surgical site [3]. It is difficult to confirm the
correct direction and position between the tools,
the surgical target, and the anatomical structure.

Augmented reality (AR) techniques are
applied to solve the above problem. AR refers
to a fusion of virtual computer-generated
information and real objects. Several AR display
techniques have been used to create a dynamic
fused virtual and real image in real time [4].
Direct augmentation technique uses projectors
to directly present the virtual information on the
surfaces of real objects in the three-dimensional
(3D) real environment [5]. Head-mounted
displays (HMDs) are coupled with the human
eye and usually equipped with micro-displays to
present images by employing optical or video
see-through technology [6]. However, additional
hardware is usually uncomfortable to wear. Video
see-through technique employs a video camera
to capture the real environment and provides the
user with the captured video blended with the
rendering of the virtual information. The video
see-through approach is suitable for applications
such as laparoscopy and arthroscopy [7]. Optical
see-through technique enables observers to see
overlaid AR scene of the real object and the
reflected virtual image through a half-silvered
mirror. Thus, observers can directly perceive the
real environment while simultaneously receive
the reflected virtual content [8].

Precise depth perception is essential to med-
ical AR navigation systems. It makes surgeons
to observe the 3D object directly with depth
information, providing adequate spatial accuracy
for safe and efficient treatment [9]. The 3D AR
approach with precise depth perception can be
realized through an autostereoscopic image over-
lay using integral videography (IV) technique [8,
10]. This 3D AR approach uses the optical see-
through technique to provide a more comfortable
visual perception and a larger viewing angle for
multiple observers. Moreover, accurate patient-
image registration and real-time target tracking
are necessary to ensure that the reflected au-
tostereoscopic image can be overlaid on the cor-
rect position. In this chapter, we overview the 3D
visualization and AR techniques for orthopedics.

16.2 3D Visualization for
Orthopedics

Virtual models are generated by image segmen-
tation from the medical image of the patient, and
up to now, several different image segmentation
methods have been proposed. Furthermore, the
virtual models are required to accurately register
with the real objects for 3D visualization. To
realize 3D visualization, a good 3D rendering
and display technology is important to accurately
present the same geometric structure as the real
objects, and IV is a promising 3D autostereo-
scopic display technique.

16.2.1 Medical Image Segmentation

Medical image segmentation and registration
play a dominating part in medical imaging
processing, which is of great significance
in developing a surgical navigation system,
improving surgical accuracy, and illness
monitoring [11]. Medical image segmentation is
the basic work for the medical image registration
and choosing personalized orthopedic implant
[12].

Medical image segmentation refers to dividing
the image into several subregions that do not
overlap each other, so that the characteristics
of the same subregion have similar similarity
and the characteristics of different subregions
show an obvious difference [13]. But there is
no specific segmentation algorithm that can be
applied to all kinds of medical image so far
due to some drawbacks like ambiguity, com-
plexity, and individual differences in medical
image. Traditional medical image segmentation
methods include threshold method, boundary de-
tection method, region method, and so on. Most
of the traditional methods are based on algebraic
computation [14]. The ultra-pixel-based image
segmentation method can improve the efficiency
by taking the processing of group pixel with
similar characteristics, so that the image block
contains image content information that is not
available for a single pixel. According to the
principle of the algorithm implementation, the
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ultra-pixel method can be classified as graph-
based method and clustering method. In line with
clustering method, the medical image segmenta-
tion is regarded as the classification problem of
the single pixel of the image. The neural network
(NN), logistic regression (LR), and support vec-
tor machine (SVM) [15] and other classifiers are
trained by tagged images which are considered
as a training set and then training the classifier to
classify the pixel. The image segmentation result
is acquired on the basis of pixel classification
result. The classification method is a supervised
learning algorithm that requires a large number of
annotation images as a sample training classifier,
but it’s a time-consuming and laborious work to
label the image at pixel level.

Deep convolutional neural networks (CNNs)
and fully convolutional networks (FCNs) have
developed rapidly in medical image analysis [16–
18], and improved networks can be applied for
specific medical applications. Automatic femur
segmentation from CT volume is essential for
orthopedic surgeries, but it is challenging due
to the inherent blur of CT images, a variety
of legs’ postures and positions, the density and
shape variations of femurs, and so on [19–21].
To address these challenges, Chen et al. presented
a novel 3D feature-enhanced network to achieve
fast and accurate femur segmentation from CT
volume [22]. Two feature enhancement modules
were used. First, the edge detection task mod-
ule was embedded into the common FCN to
optimize femur segmentation from CT volume
and overcome the challenging of narrow joint
space and weak femur boundary. Second, the
multi-scale features fusion module processed the
large variations in leg postures and femur shape
and density via both local and global contexts.
The experimental results demonstrated that the
proposed method achieved a high Dice similarity
coefficient of 96.88% and took computation time
of about 0.93 s to segment a CT volume for accu-
rate 3D femur segmentation. The qualitative CT
femur volume segmentation results are illustrated
in Fig. 16.1. The adjacent anatomical structures
with a weak boundary is successfully segmented
(Fig. 16.1b, c), and the segmentation result can
delineate the femur volume accurately compared
with manual segmentation (Fig. 16.1d).

16.2.2 3D Image Rendering

To display 3D medical data intuitively for ortho-
pedics, 3D autostereoscopic display techniques
are in desperate demand for displaying spatial in-
formation without supplementary glasses, com-
pared with 2D display techniques. As a promis-
ing 3D autostereoscopic display technique, IV
can provide a 3D image with spatial information
as if it exists in the space. Observers can view
the reconstructed 3D image with naked eyes from
different aspects limited in the viewing area.
Moreover, the IV-based 3D autostereoscopic dis-
play technique holds other benefits, including full
parallax, full color, and simple structure. Main
components in IV device include a micro-convex
lens array) and an elemental image array. Light
rays from the 3D medical image are modified
by the micro-convex lens array and recorded on
the elemental image array, as shown in Fig. 16.2.
Since firstly proposed by Lipmann in 1908 [23],
integral photography (IP) technique has been
improved and optimized for the specific situa-
tion. Researches focused on 3D image rendering
methods and improving the performance of 3D
autostereoscopic display, such as the viewing
angle, display depth, and image quality. Conven-
tionally, IV mainly uses optical pickup devices to
render the elemental image array.

With the development of 3D medical image
acquisition method, such as MRI, CT, and com-
puter graphics technique, the rendering process
can be operated by simulating the light rays
from the 3D medical image on the computer.
For the 3D image rendering process, each light
ray emitting from 3D medical image acquired by
3D data scanners is simulated to pass through
centers of the lenses in micro-convex lens array
and recorded on the corresponding elemental
images. Moreover, information over the range
of the corresponding elemental image is aban-
doned. During operation, 2D flat displays are
widely applied to provide medical information.
Therefore, a high-resolution 2D flat display with
micro-convex lens array attached can be utilized
for 3D autostereoscopic display. According to
the reversibility of the ray tracing, rays emitting
from the pixel layer are modulated by the micro-



196 L. Ma et al.

Fig. 16.1 (a) Segmentation results (yellow) and 3D
ground truth (red) overlap visualization; (b) weak bound-
ary of adjacent anatomical structures (green box indi-

cated); (c) the segmented femur volume in 2D slice;
(d) the contour of segmented femur volume (yellow line
indicated) compared with manual segmentation (red line
indicated) [22]

Fig. 16.2 Principal of IV-based 3D image rendering and display

convex lens array to reconstruct the 3D medical
image.

Different computer generation algorithms of
elemental image array were proposed, including
the point ray-tracing rendering algorithm [24],
real-time pickup method [25], multiview ren-
dering algorithm [26, 27], lens-based rendering
algorithm [28], etc. As a common computer-
generated integral videography (CGIV) render-

ing algorithm, the point ray-tracing rendering
algorithm consists of the volume rendering-based
point ray-tracing rendering algorithm and the
surface rendering-based point ray-tracing render-
ing algorithm and can be chosen according to
actual demands. 3D medical image data should
be preprocessed for 3D image rendering. Firstly,
the important target anatomical structures should
be segmented and reconstructed. Then, the tar-
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get medical data can be processed in volume
or surface data for volume rendering-based IV
algorithm or surface-based IV algorithm.

Due to demand on real-time 3D rendering
and display, a flexible IV rendering pipeline us-
ing graphics processing unit (GPU) [29] can be
utilized to accelerate 3D image rendering rate.
Moreover, to achieve higher frame rates and
better image quality without pixel resampling
or view interpolation, a lens-based rendering al-
gorithm is proposed [28]. Both fixed and pro-
grammable graphics pipelines are taken into con-
sideration to accelerate CGIV rendering and ex-
ploit inter-perspective antialiasing. The proposed
lens-based rendering method outperforms state-
of-the-art CGIV algorithms in rendering speed
and image quality with the super-multiview hard-
ware configurations. Evaluation and comparison
experiments between the proposed method and
multiple cluster ray rendering method were oper-
ated. The interactivity of a super-multiview dis-
play using the proposed algorithm was revealed
by a series of demonstration experiments [28].

In the fields of surgical navigation and in-
tervention, 3D autostereoscopic medical images
with accurate spatial information are in desper-
ate demand. In IV technique, the discrepancy
between the actual optical apparatus setups and
the simulated rendering model is the main in-
fluencing factor. The discrepancy comprises (1)
the alignment error between the elemental image
array and micro-convex lens array and (2) the
actual apparatus between the elemental image
array and micro-convex lens array [30]. Mea-
suring the rotational alignment and translational
alignments between the elemental image array
and the micro-convex lens array directly is dif-
ficult, considering the size of each small com-
ponent. Therefore, a rotational alignment calibra-
tion method using the moiré fringes [31, 32] and
a translational alignment calibration method by
encoding pixels periodically in a certain direction
[30] is proposed. The quantitative calibration
result can be calculated to rectify the actual op-
tical apparatus. Furthermore, the main parameter
of the actual apparatus between the elemental
image array and micro-convex lens array can be
evaluated using a dedicated calibration pattern

through quantitative calibration [30]. Using the
rendering model considering the actual optical
apparatus and the evaluated parameter, 3D medi-
cal images with accurate spatial information can
be reconstructed.

With the assistance of the IV-based 3D au-
tostereoscopic display, surgeons can easily ob-
serve the spatial information of the anatomical
structures intuitively without visual and physical
fatigue during the procedures of surgical plan-
ning and operation.

16.3 AR Navigation

16.3.1 3D AR System for Navigation

3D AR systems can provide intuitive 3D images
with accurate spatial information for surgical
planning and operation to overcome the hand–
eye coordination problem. Despite of binocular-
based 3D AR systems assisted by supplementary
glasses, 3D autostereoscopic AR systems can
provide a 3D image directly for multiviewers.
IV-based 3D autostereoscopic AR system is the
promising one due to its full parallax and contin-
uous viewing points [24]. Surgeons can observe a
“see-through” 3D medical image, which overlaid
onto the real surgical scene intuitively without
assistant tracking devices or special glasses.

The IV-based 3D autostereoscopic AR system
mainly includes 3D image processing and ren-
dering, 3D image overlay, and real-time target
tracking, as shown in Fig. 16.3. With 3D image
processing, the important anatomical structures
can be segmented and reconstructed. By utilizing
IV-based 3D image rendering algorithms, the 3D
medical image can be displayed with full paral-
lax. The 3D image overlay device mainly utilizes
a half-silver mirror to reflect the reconstructed
3D image and present the real surgical scene
simultaneously. Surgeons can easily look through
the half-silvered mirror to observe the AR scene.
To ensure that the overlaid 3D medical image
can be fused on the target area, real-time target
tracking and accurate patient-image registration
methods are of great importance. The targets,
such as patients, 3D overlay device and surgical
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Fig. 16.3 IV-based 3D autostereoscopic AR system

instruments, etc., are tracked, and the spatial in-
formation of the displayed 3D medical images is
refreshed in real time. With the assistance of the
IV-based 3D AR system, surgeons can operate
flexibly and accurately based on the intuitive 3D
AR image.

16.3.2 Medical Image Registration
for Orthopedics

The definition of medical image registration is
finding an optimal spatial transformation to make
the feature points from two associated images
into the same spatial and anatomical position
[33]. The results should make the two images to
achieve matching through the anatomical points
with diagnostic significance. Based on the geo-
metric transformation method, the classification
of the medical image registration method can
be divided into two classes: rigid registration
and nonrigid registration. The main aim of rigid
registration is to ensure the target image cor-
responds to the feature points on the source
image on the basis of finding the free trans-
formation of six degrees of space. In compari-
son, nonrigid registration is a nonlinear transfor-
mation; the transformation process contains the
polynomial method, physical model simulation,
and so on.

Registration is critical, and rigid registration
is commonly used in orthopedic navigation guid-

ance. There are implicit registration methods that
directly acquire the volumetric image of the pa-
tient with a dynamic reference frame (DRF) as
well as the imaging device’s DRF. The two DRFs
are both tracked by a spatial tracking system. So,
automated transformation from volumetric image
to physical space is done without external intra-
operative registration. For example, an implicit
registration can be performed by using an O-
arm system via factory calibration [34]. However,
there are some limitations among them. First,
these systems may cause radiation dose to the
patient. Second, the quality of the visual guidance
may be decreased, due to the lower quality of the
volumetric image than that of diagnostic image.
Third, the high cost of these systems needs to
be considered. Hence, the implicit registration
methods have not been popularized because of
the above limitations.

Most commonly, registration is utilized for
alignment of preoperative data to the physical
world. Registration accuracy directly affects the
accuracy of the intervention in orthopedics. To
introduce a feasible registration workflow to the
clinic, several factors, which determine the clin-
ical acceptance, need to be considered, such as
high target registration accuracy, high robust-
ness, low computation time, avoiding the ex-
tra complexity, and no detrimental side effects
[34]. For the optimal clinical workflow, the last
two factors are very important. For example,
although the ROBODOC system for total hip
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replacement had a high and robust registration
accuracy by using implanted fiducials, it resulted
in significant collateral damage caused by the
pin implantation [35]. In orthopedics, paired-
point algorithms use three or more correspond-
ing points to compute the rigid transformation
between image coordinate system and physical
coordinate system. However, the surgeon has to
indicate the corresponding points because of the
explicit pairing in paired-point algorithms. To
overcome this problem, surface-based registra-
tion is a solution, and the rigid transformation
is obtained by matching intraoperative surface
to preoperative surface. The preoperative surface
can be obtained from CT, MRI, etc. The intraop-
erative surface can be segmented from ultrasound
(US) image as a noninvasive method of surface
acquisition. Automated segmentation of the bone
surface from US image is critical, and several
segmentation algorithms are proposed [36, 37].
A preoperative surface model of a patient can
also be created by using a statistical shape model
in orthopedics, without the need of a 3D scan.
Statistical surface model-based registration has
primarily used the diffeomorphic demons method
[38] and the free-form deformation method [39].
This approach was also recently applied in the
2D/2D registration process for a proximal femur
model [40].

To reduce radiation dose, 2D US is a promis-
ing navigation method instead of intraoperative
2D X-ray image [41]. However, there are limita-
tions like poor image quality and limited imaging
field in US image. Hence, the combination of 2D
US with preoperative 3D CT image is studied
as an available solution. Chen et al. have pro-
posed a novel 2D US and 3D CT registration
method [42]. Rough image registration is per-
formed by using convolutional neural network
(CNN) classification of US image reported for
the first time. Local registration refinement is
further finished by applying a new orientation
code mutual information metric. The accuracy
of the proposed 2D US and 3D CT registration
algorithm is validated on the clinical dataset
from in vivo human spine. Finally, 2D US and
3D CT registration for multiple vertebras (L2–

L4) are achieved without an appropriate initial
alignment. As a demonstration, three examples of
registration trials are shown in Fig. 16.4, and the
corresponding 2D US image is registered with
the 3D CT image of the spine according to the
bone edges. The experimental results showed that
the proposed method successfully aligned 2D US
image and 3D CT image. Totally 50 registration
trials between US images from multiple vertebras
(L2-L4) and 3D CT images were performed, and
the mean target registration error was 2.3 mm,
which was clinically acceptable. In the future
work, the registration process will be accelerated
using C++, and the time consumption will be
evaluated. Without needing appropriate initial
registration position, the proposed registration
method potentially takes less time consumption.
Moreover, this method can achieve precise regis-
tration.

16.3.3 Real-Time Target Tracking

Real-time target tracking can detect the spatial
position of the targets to render corresponding
3D autostereoscopic images. Currently, the
tracking methods in medicine mainly consist
of image-based tracking method [43], optical
tracking method, and electromagnetic tracking
method. Each of the tracking methods has both
advantages and disadvantages and can be chosen
according to the demands. Electromagnetic
tracking systems (EMTS) can be utilized in vivo
without occlusion, while it easily suffers from
magnetic interference. Compared with EMTS,
optical tracking systems (OTS) can avoid the
magnetic interference and increase the accuracy
of tracking. However, optical occlusion exists in
OTS. Complicated real-time tracking systems are
considered by combining two or more tracking
techniques to improve tracking performance and
enlarge working space.

To superimpose the 3D image with accurate
spatial position, an optical tracking system is
utilized in the IV-based 3D AR system. Each
coordinate of the target should be related and
transferred into one coordinate to interconnect



200 L. Ma et al.

Fig. 16.4 (a), (b), and (c) are three examples of registration trials. The bone edges in US images (red line) were
registered with the bone edges in CT images (yellow line) [42]

the patient, the displayed 3D image and the sur-
gical instruments. The patient and the displayed
3D image can be correlated by patient-image reg-
istration. Patient-image registration can be ful-
filled by marker-based registration method or
markerless-based registration method. Marker-
based registration method mainly uses external
fiducial markers attached to the target, while
markerless-based registration method mainly de-
tects the anatomical features, such as points,
boundary, or surface.

The coordinate transformation for accurate 3D
AR is shown in Fig. 16.5 [44]. The coordinate
system of the 3D position tracking system is
the reference frame. Two optical markers are
mounted on the 3D IV AR device and the patient,
respectively. Their positions and orientations can
be obtained through T T ra

Mar and T T ra
Pat , respectively.

The transformation T Mar
Dis between the 3D display

and the optical marker mounted on the 3D IV
AR device can be derived by using a calibration
marker overlaid with its reflected 3D image. An
optical marker is fixed on surgical instrument,
and the 3D image of the surgical instrument can
be localized by

T Sur
Dis = T Mar

Dis · T T ra
Mar · T Sur

T ra (16.1)

From accurately superimposing the 3D im-
age of the important anatomic structures onto
the patient, the patient-image registration needs

to be performed. First, the transformation T 3D
Pat

from the preoperative 3D image to patient under
optical tracking is calculated. Therefore, the 3D
image of the patient can be localized by

T 3D
Dis = T Mar

Dis · T T ra
Mar · T Pat

T ra · T 3D
Pat (16.2)

16.3.4 AR Visualization for
Navigation

To provide abundant navigation information with
flexible operation, a specific navigation interface
is needed in the IV-based 3D AR system. Pre-
operatively, the operation path can be planned
and determined. Therefore, surgeons can operate
under the guidance of the 3D medical image and
the planned operation path. As shown in Fig.
16.6, the navigation interface in 3D AR system
consists of two parts. One is used for displaying
AR image, such as the preoperative 3D medical
data, the simulated surgical instruments, and the
planning path to guide the operation. The other is
used for normal 2D display to present navigation
information in different directions.

Moreover, a real-time prompt is designed to
intuitively guide surgeons to operate accurately.
When the path of the surgical instrument is far
from the planned operation path, the surgical
instrument is displayed as red. Surgeons should
adjust the position or direction of the interven-



16 3D Visualization and Augmented Reality for Orthopedics 201

Fig. 16.5 Coordinate transformation for accurate 3D AR

Fig. 16.6 Navigation interface in IV-based 3D autostereoscopic AR system

tion until the surgical instrument is displayed
as green. Moreover, other surgeons can con-
stantly pay attention to the current surgical scene
through the normal 2D display and propose com-
ments. With the guidance of the IV-based 3D AR
system, invasiveness of the surgery can be re-
duced, and the surgical accuracy can be ensured.

16.4 Application of 3D
Visualization and AR
in Orthopedics

Because of the intuitive AR scene with full paral-
lax, and the simplified operation, the IV-based 3D
visualization and AR are the promising solutions
in oral surgery, knee surgery, spine surgery, and
other orthopedic surgeries.
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16.4.1 3D AR-Guided Oral Surgery

It is challenging to achieve oral surgeries with
high accuracy, because these operations are lim-
ited by a narrow space and high risk tissues
such as dental nerves and blood vessels need
to be avoided [45]. Moreover, surgical targets
are hard to view because they might be hidden
by surrounding structures. The real-time image-
guided navigation technologies are more helpful
to assist dentists to achieve highly precise op-
erations, since dentists can monitor the relative
positions between surgical instruments and the
important anatomical structures accurately in real
time. However, current surgical navigation sys-
tems lack hand–eye coordination and depth per-
ception, due to their visual guidance information
are always displayed far from the surgical area.
The above shortcomings in the current navigation
systems can be overcome by using the IV-based
3D AR navigation systems for dental surgery
proposed by Tran et al. and Wang et al. [46, 47].
The proposed system employs a vision-based
automatic marker-free image registration method
and uses a stereo camera for tracking patients and
instruments. As a result, the 3D images of the
patient’s anatomy and the surgical instruments
generated by using IV technology are overlaid on
the surgical region through a half-silvered mirror,
which forms an AR scene to guide the surgeon to
observe the hidden anatomy and the surgical in-
struments intuitively. Experiments have demon-
strated that the overlay error of the system was
0.71 mm [47]. With the help of intuitive 3D
information with depth perception proposed by
the AR system, surgeons can perform the surgical
operation more easily.

16.4.2 3D AR-Guided Spine Surgery

Percutaneous pedicle screw placement is a
particularly challenging therapy [48]. Under the
traditional condition, intraoperative fluoroscopy
is used to access indirectly the positions of the
instruments and the lumbar pedicles of patients.
Moreover, to reduce the intraoperative radiation
doses, image-guided navigation systems have

been used widely in orthopedics based on
preoperative CT or MRI [49]. However, the
2D display in the current surgical navigation
systems may increase the difficulty of operation,
owing to the lack of image depth, and be situated
away from the operative field. To solve the hand–
eye coordination problem, we introduced the
IV-based AR surgical navigation system for
the medical field of pedicle screw placement
[44]. Owing to soft tissue deformation, low
accuracy of patient registration using landmarks
on the skin may be encountered. To eliminate
this problem, this paper proposed a US-assisted
registration method by using rigid anatomical
landmarks inside the body, and each vertebra
can be registered individually (Fig. 16.7a). After
registration, accurate 3D images of the spine as
well as the surgical instruments are overlaid on
the surgical area to guide the surgical operation
intuitively (Fig. 16.7b). The feasibility of the
proposed system was finally evaluated by using
an agar phantom and a sheep cadaver.

16.4.3 Enhanced 3D IV AR for
Microsurgery

A high-quality and high-accuracy 3D IV im-
age display method is designed to overcome
the resolution and viewing angle limitation of
autostereoscopic 3D display for precision surgery
[50]. Compared with above IV-based AR system,
a dedicated optical image enhancement module
is added and arranged between the surgical scene
and observers to magnify the actual surgical
scene with reflected 3D surgical guidance infor-
mation. The magnified and merged AR scene
can be acquired for observers with naked eyes.
The optical magnifier module consists of optical
lenses, which can cause the scale and position
changes of the patient and the image, so a novel
patient-image registration method is operated.
With this method, the submillimeter accuracy of
the proposed system can be reached up, and the
viewing angle can be enlarged. The magnified
surgical scene is shown in Fig. 16.8, which can
provide surgeons with high-quality 3D AR scene
and help them to perform precise operations.
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Fig. 16.7 (a) US-assisted registration method by using rigid anatomical landmarks inside the body; (b) 3D AR-guided
spine surgery by using a sheep cadaver [44]

Fig. 16.8 Magnified 3D
AR surgical scene for
microsurgery [50]

16.5 Discussion and Conclusion

To realize real-time accurate 3D AR navigation
for orthopedics, advanced 3D visualization algo-
rithms, precise patient-image registration tech-
niques, and reliable tracking methods [51] are
critical. In this paper, we describe an IV-based
3D visualization and AR method for orthope-
dics. The IV technique can provide a 3D image
with full parallax and help surgeons directly ob-
serve the hidden anatomical structure with naked
eyes, and the hand–eye coordination problem
is avoided. The GPU-accelerated IV image can
be rendered in real time and generated from
preoperative data and intraoperative data, such
as CT/MRI and US. The proposed IV-based AR
systems with different patient-image registration
methods have been used for oral surgery, spine
surgery, etc. and meet desired clinical demands.
Moreover, an enhanced 3D IV AR system is
proposed to provide surgeons high-quality mag-
nified 3D AR scene, especially for precision
surgery [52]. The spatial resolution of the IV-
based 3D display could be further improved [53].
To achieve a high-quality autostereoscopic image

with a wide viewing angle, a high-resolution
display with a high-performance micro-convex
lens array is needed. We have been actively pro-
moting the clinical application of our AR system
and have completed a sheep cadaver experiment
for pedicle screw placement. To apply our AR
system in clinic, it needs to meet the requirements
of clinical safety, disinfection, ethics, and so on.
With further improvements and evaluations, the
3D visualization and AR technology are valuable
in the field of orthopedics.
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17Intelligent HMI in Orthopedic
Navigation
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Abstract

The human-machine interface (HMI) is an
essential part of image-guided orthopedic nav-
igation systems. HMI provides a primary plat-
form to merge surgically relevant pre- and in-
traoperative images from different modalities
and 3D models including anatomical struc-
tures and implants to support surgical plan-
ning and navigation. With the various input-
output techniques of HMI, surgeons can in-
tuitively manipulate anatomical models gen-
erated from medical images and/or implant
models for surgical planning. Furthermore,
HMI recreates sight, sound, and touch feed-
back for the guidance of surgery operations
which helps surgeons to sense more relevant
information, e.g., anatomical structures and
surrounding tissue, the mechanical axis of
limbs, and even the mechanical properties of
tissue. Thus, with the help of interactive HMI,
precision operations, such as cutting, drilling,
and implantation, can be performed more eas-
ily and safely.
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Classic HMI is based on 2D displays
and standard input devices of computers.
In contrast, modern visual reality (VR)
and augmented reality (AR) techniques
allow the showing more information for
surgical navigation. Various attempts have
been applied to image-guided orthopedic
therapy. In order to realize rapid image-based
modeling and to create effective interaction
and feedback, intelligent algorithms have
been developed. Intelligent algorithms can
realize fast registration of image to image
and image to patients, and the algorithms
to compensate the visual offset in AR
display have been investigated. In order to
accomplish more effective human-computer
interaction, various input methods and force
sensing/force reflecting methods have been
developed. This chapter reviews related
human-machine interface techniques for
image-guided orthopedic navigation, analyzes
several examples of clinical applications,
and discusses the trend of intelligent HMI
in orthopedic navigation.
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17.1 Preoperative Image
Visualization Interfaces

Preoperative medical images play important roles
in diagnosis and planning. X-ray projection (XP),
X-ray computed tomography (XCT), magnetic
resonance (MR), and ultrasound (US) images
are used to make individualized surgical solu-
tion in orthopedic navigation system. As visual
interfaces are critical to the surgical planning,
many visualization methods have been proposed
in clinical practice.

17.1.1 Visualization Interfaces of XP
Images

X-ray projection (XP) images are the most
widely used medical image modality in
orthopedic navigation. Because an XP image is
a 2D image, it can be easily and fully presented
by a 2D monitor, and it is convenient to add
auxiliary and planning lines on images. XP
images acquired from at least two different views
could offer 3D spatial information. If the spatial
position of a projection is known, the 3D position
of landmarks can be computed by selecting the

corresponding points in different XP images. For
surgical planning, these procedures are usually
conducted by intelligent algorithms.

As an example, Fig. 17.1 shows the planning
interface of a biplane robot-assisted femoral neck
fracture fixation surgery. This interface contains
a pair of femoral neck XP images from orthog-
onal views. Solid lines of different color indi-
cate different screw paths, while dashed lines
indicate the space constraints. The constraints of
corresponding auxiliary lines are computed by
the navigation system automatically to establish
3D guiding lines. Any correction of the auxiliary
lines is immediately updated to another XP image
[1]. Thus, physicians can select an appropriate
screw and conduct the placement.

17.1.2 Visualization Interfaces
of Volume Images

Usually, it is hard to establish a clear 3D view of
the bony and damaged structures only based on
multi-view XP images. 3D anatomy of patients
can be directly represented by XCT images or
MR images, but additional processing is neces-
sary to visualize 3D volume data on a 2D moni-
tor. There are three ways to achieve these kinds

Fig. 17.1 Visualization based on XP images
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Fig. 17.2 Visualization based on volume image; axial slice (a); sagittal slice (b); coronal slice (c); 3D rendering (d)

of visual interfaces: (1) multi-planar rendering
(MPR), which shows the slices of the volume
image along three orthogonal axes separately; (2)
surface rendering (SR), which renders the surface
segmented from a volume image in different di-
rections; and (3) direct volume rendering (DVR),
which renders the volume image data directly.

Each visualization method has its own advan-
tages. MPR shows the volume data in the same
format as diagnosis images, which is a popular
way to illustrate the detail of the anatomical
structure. It is convenient to get the 3D anatomi-
cal structure with the SR model, but the accuracy
of the structure depends on the segmentation
process of the images. DVR is the most intuitive
way to show 3D volume data, but the calculation
costs are much higher than other rendering meth-
ods. Different visualization methods are selected
according to the application situation, and some
of the methods can be combined to get a better
effect.

For surgical planning and implants, measure-
ment rulers and auxiliary planes for evaluating
the cutting pathway are usually labeled in a visu-
alization interface. Surgeons’ planning operation
in a viewport can be corresponded to other view-
ports automatically, which is helpful to identify
the relative space relationship between implants
and patients’ anatomy. Figure 17.2 shows a vi-
sualization interface of an XCT image-guided
sacroiliac joint fixation surgery. The red shapes
indicate the virtual screw, while the solid lines
are the auxiliary lines for planning.

17.1.3 Visualization Interfaces
of Partial Cross-Sectional
Images

Due to space and cost limitations, lightweight
real-time imaging devices are commonly used in
the operating room. As a result, only regional
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images with relatively poor imaging quality can
be acquired, which makes navigation difficult.
A good solution is to visualize these images to-
gether with high-quality preoperative diagnostic
images. To achieve this, an accurate registration
procedure is necessary [2].

17.1.4 Visualization Interfaces
of Multimodal Images

Multimodal images can show abundant anatomy,
pathology, and function information. Fusion of
different modal images can provide more effec-
tive visual guidance information for the surgeon.
An intelligent image registration process is nec-
essary to match the images in space in real time.
Images are merged for visualization, and the
opacity or color can be adjusted to enhance the
visual ability of each image modality. Surgeons
make the surgical plan in a main modal image
and refine the surgical plan in combination with
other modal images.

Multimodal images are able to present soft
tissues much better than single-modal images
[3]. Figure 17.3 shows MR-XCT fusion images
of a patient with a mandible defect. The CT-
MRI registration was made based on normalized
mutual information automatically. Then, the 3D

Fig. 17.3 Visualization based on MR-XCT fusion
images

mandible model was segmented from CT, and the
surrounding soft tissue can be visualized in MR
slices.

17.1.5 Visualization Interfaces
of Digitized Models

Digitized surfaces can be used to guide
the registration of operating space with the
image/implant model space. It is achieved by
picking up anatomic landmarks or the joint
surface of a specific anatomy region using the
tip of a 3D digitizer [4]. The visualization of
the digitized point cloud represents the selected
anatomy surface, which helps the surgeons
perform and validate the registration.

17.2 Interactive Interfaces
of Preoperative Planning

In addition to visualization interfaces for observ-
ing bone and peripheral tissue structure, flexible
interaction interfaces of images and models are
necessary for surgeons. Operations on images
and models such as rotation, translation, and
zooming can be conducive to the visualization
of key surgical areas and surgeons’ observa-
tion habits. Comprehensive patient anatomy in-
formation is also usually contained in different
slices and images of different modalities; there-
fore switching between different images is essen-
tial. Furthermore, operations in surgical planning
such as defect/trauma measurement, cutting ar-
rangement, and implantation process simulation
also need to be carried out by using interactive
interfaces. All of these require navigation sys-
tems to provide efficient and accurate interactive
interfaces.

17.2.1 Information Input System

An information input system, which is the
core of any navigation system, can obtain
surgeons’ operating intentions. Keyboard,
mouse, touchscreen, and other PC input devices
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are widely used in orthopedic navigation
systems. As two-dimensional (2D) input devices,
mouse and touchscreen are effective for 2D
interaction. Interactions based on 2D image
viewport, such as anatomical measurements or
trajectory planning, can be done easily.

Due to the dimensional differences between
2D input devices and three-dimensional (3D)
objects, it is difficult to measure or draw graphics
in 3D models directly and accurately only using
2D input devices. Projection or slice conversion
is needed before making a surgical plan in 3D
space. Joysticks can overcome this problem to
some degree. With this 3D input device, sur-
geons’ intentions can be directly expressed in 3D
space, so surgeons can obtain a more intuitive
surgical planning experience. Kovler et al. [5]
designed a 3D interactive system based on Phan-
tom Omni (Sensable Technologies Inc., USA)
haptic devices, in cooperation with the 3D image
display of CT data and 3D interaction of force
feedback. They achieved preoperative planning
of fracture surgery and verified the feasibility
of this system experimentally. However, the in-
teraction of 3D devices cannot fully meet the
surgeons’ needs on the operation on real objects
without a 3D image display. Literature shows
that at present, the efficiency of 3D information
input devices is not as good as traditional 2D
information input devices [6].

17.2.2 Interactions for Image
Measurement

In orthopedic surgeries such as arthroplasty and
trauma, the most ideal outcome is to make the
lesion part heal as well as possible. In order to
achieve this goal, the precise geometric informa-
tion on the patient’s skeletal anatomy is needed
for both implant size selection and the planning
of the resection site. Easy-to-use image measure-
ment tools are important for the acquisition of ge-
ometric information. Before interaction with im-
age measurement tools, navigation systems usu-
ally convert the 3D mode into a two-dimensional
view under a specific perspective to facilitate
the operation. During measurement operations,

surgeons use the pointing device to specify the
end point of the line segment, or the angle of the
vertex in the 2D image. Then the system can cal-
culate the relevant lengths, angles, and axes of the
patient’s skeletal anatomy. For common ortho-
pedic parameter measurements, semi-customized
measurement templates are usually provided by
navigation systems [7]. By using those templates,
surgeons only need to specify the location of the
critical anatomic landmark in patient’s image.
Then all commonly used anatomical parameters
of the patients will be automatically displayed in
the screen.

17.2.3 Interactions in Preoperative
Surgical Planning

Based on the pre-measurement and observation,
a suitable prosthesis or implants can be selected.
The implantation path and resection area can also
be planned preoperatively. In order to adapt to
different forms of orthopedic surgery, navigation
systems provide several surgical planning inter-
actions for surgeons. The interactive interfaces
can be divided into 2D and 3D interactive plan-
ning methods based on images’ dimensions.

In 2D planning, common computer graphic
tools are used to make a surgical plan in 2D
images directly. The 2D images are generally
from patients’ radiographs or axial, sagittal, and
coronal views of CT or MRI scans. Surgeons can
use the graphic tool in the system to perform
basic planning operations such as auxiliary line
settings and path settings. In order to reduce the
surgeons’ workload, the navigation system pro-
vides a smart planning method based on an inter-
active template. The interactive template is a set
of standard surgical plan graphics. During plan-
ning of the surgical path, surgeons first import the
template into the 2D images, then make a minor
adjustment to the template according to the pa-
tient’s specific anatomy, after which the surgical
planning is complete. In the template-based plan-
ning approach, the computer performs repeatable
tasks such as drawing and plotting, and sur-
geons only need to set and validate key sections.
This method enhances the interaction efficiency
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and lightens the surgeons’ workload. However,
template-based surgical planning is only suitable
for operations with standardized procedures such
as joint replacement. For complex orthopedic
surgery such as trauma restoration, manual plan-
ning by surgeons is still required.

3D planning allows surgeons to interact with
patients’ 3D images directly. There are several
advantages to 3D planning. First of all, patients’
images that are displayed in 3D space conform
more to the real operation, and the planning
can be rapidly visually verified. Lonner et al.
[4] reports a planning interface of the Navio
PFS navigation system for semi-knee replace-
ment surgery. The 3D display can visually show
the degree of coincidence of the implant with pa-
tients’ actual anatomy. The position adjustment
of the implant can also be directly visualized.
Second, for some complex traumatic fractures,
it is difficult to express three-dimensional sur-
gical planning through two-dimensional images.
By using 3D planning methods, the fractured
parts can be visualized in 3D mode, and the
optimal recovery path and fixation plan can also
be determined and simulated. Wang et al. [8]
report their method for preoperative planning

on pelvic fractures. The fractured fragments of
skeleton are shown in different colors. Each part
can be controlled by a pointing device to move
and rotate to form a fracture reduction program.
It is also possible to help surgeons choose the
appropriate internal implant and determine which
bone fragments need to be retained or removed
(Fig. 17.4).

Giulio Dagnino et al. [9] demonstrate the
potential of the integration of robotic assistance
and 3D image guidance to overcome fracture
malreduction. They proposed an image-guided
surgical robotic system for the percutaneous
treatment of knee joint fractures. The preoper-
ative planning was performed based on a CT
model in 3D space, and guidance was established
by registration of an intraoperative fluoroscopic
image and a CT model. A Leap Motion was used
to capture the gesture of the operator and move
the fracture pieces in 3D space. Simultaneous
manipulation of two bone fragments, safer robot-
bone fixation, and a traction performing robotic
manipulator were tested in clinic. Figure 17.5
illustrates the interface of 2D image, 3D model,
and the surgeon using the interactive GUI to
virtually reduce the fracture.

Fig. 17.4 Preoperative planning of pelvic fracture;
model of fractured pelvis (a); the model could be rotated
(b); every fragment could be subtracted and moved (c, d);

anteroposterior radiograph of the postoperative (e); 3D
rendering of the postoperative CT (f). (Courtesy of Dr.
Guang-Ye Wang)
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Fig. 17.5 Preoperative planning with CT-generated 3D
models of a Y-shape fracture of a cadaveric specimen;
articular Y-shape and T-shape fractures (a, b); 3D models
of each bone fragment (c); the surgeon virtually reduces

the fracture using the GUI (d); the desired final (d); poses
for fragments with respect to the femur (e). (Courtesy of
Dr. Giulio Dagnino)

17.3 Interactive Manipulation
During Surgery

To complete an image-guided orthopedic surgery,
the surgeons need to perform diagnosis and then
design the surgery plan based on preoperative
images. The surgery plan is very important for
precise operation. The preoperative planning im-
ages, organ model, implant model, and interac-
tive HMI are still helpful during surgery. Due
to the limitations of the operation room envi-
ronment and operational constraints, more con-
venient, reliable, and contactless HMI is neces-
sary. At the same time, more effective registra-
tion methods are expected to obtain the accurate
transform between the preoperative plan and in-
traoperative space. With these registration meth-
ods, surgeons can easily observe and compare the
intraoperative scene with the preoperative plan
and can achieve more precise surgery. Therefore,
3D visualization techniques, virtual reality, and
augmented reality have attracted a lot attention.
Comprehensive tests have been performed, mak-
ing some of these techniques accepted in prac-
tice.

17.3.1 Visual Interfaces with 2D Flat
Panel Monitor

2D display devices are widely used in the op-
eration room for image-guided surgery. These
devices can guide the surgeons to perform precise
orthopedic operations by showing patients’ im-
ages, implants, and surgical tools simultaneously.

For example, operations like fracture healing
and bone nail implantation can be safely per-
formed with the guidance of 2D visualization.
The surgeon can adjust surgical tools according
to the guidance of 2D trajectory guiding lines
overlapped on the images. The spatial relation-
ship between the surgical tools and the planned
trajectory, implantation orientation and depth of
pedicle screw, and so on can be clearly illustrated
by multiple 2D views. However, 2D display lacks
depth information. Surgeons have to use two
or more images from different viewpoints to
guarantee guidance accuracy. As a result, precise
operation mainly relies on the surgeons’ spatial
visualization ability. Meanwhile, the registration
methods affect the alignment of surgical tools
and image. To make the surgery more accurate,
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effective techniques like intraoperative imaging
and motion tracking are used. Then patients’
position and surgery tool position can be ob-
tained simultaneously to calculate the transform
between the image space and surgery space. The
displayed image slices can be updated automat-
ically with the surgery tool’s motion. This will
reduce the need for manual adjustment and view-
points tuning.

To make the visual interface more intuitive,
3D visualization of medical images are widely
used. After 3D reconstruction of patients’ volume
images, the surgical object, implants, and surgi-
cal tools can be combined and visualized in any
given viewpoint. To make sure that it shows the
right spatial relationship between surgical objects
and implants, accurate intelligent registration al-
gorithms are the most important fundamental for
image-guided orthopedic surgery. For orthopedic
operations, the skeleton is usually considered
as rigid body; thus rigid registration is often
used. In practice, two registration methods are
commonly applied. The first one acquires the
spatial positions of anatomic landmarks of the
bone picked up by a motion tracking probe. Then
the corresponding positions are picked on the 3D
bone model using a graphic user interface. The
optimal registration based on the corresponding
points can then be performed. If necessary, a
point cloud can be acquired and used to perform
point-to-surface registration. The other more re-
liable method is to acquire the intraoperative
images of patients with attached tracking mark-
ers. Transformation between the surgical tools
and the images can be established automatically
according to tracing markers, and the surgeons
only need to evaluate the registration accuracy on
the basis of HMI [10].

17.3.2 Visual Interfaces Based
on Mobile Devices

From a HMI point of view, the visual interfaces
mentioned above prevent common hand-eye co-
ordinated manipulation. Surgeons must switch
between looking at the screen and the surgical
region. Therefore, some researchers combined

the surgery tool with mobile devices to optimize
the form of HMI.

Marien et al. [11] developed a system with a
movable tablet display. As shown in Fig. 17.6,
this system can be adjusted to a proper position
according to the surgical environment and sur-
geons’ requirement. The CT image shown in the
display is registered with patients by using an em-
bedded tracking sensor, and surgical tools with
a tracking sensor can be mapped into the image
space. Compared with the HMI mentioned above,
this kind of visual interface is more suitable for
eye-hand coordination.

17.3.3 Visual Interfaces Based
on Augmented Reality

Although the two types of HMI mentioned above
have been optimized, the visual object and the
therapeutic object are still in separate spaces. The
rapid development of AR and mixed reality (MR)
technologies provides opportunities to realize an
ideal form of HMI.

Zeng et al. [12] developed a vision enhance-
ment image-guided surgery robot system. They
designed a projector-camera system (PCS) to
realize registration and AR simultaneously. As
shown in Fig. 17.7, the PCS attached to the
distal flange of a robot arm can obtain the point
clouds of the patient’s surface, which are uti-
lized for patient-to-image registration. Then see-
through AR is produced by merging real-time
video of the patient and the preoperative three-
dimensional (3D) operational planning model.
In addition, spatial AR is implemented by pro-
jecting the planning electrode trajectories and
local anatomical structure onto the patient’s skin.
A demonstration of the system was performed
using a lumbar vertebra phantom. The phantom
(Lumbar Training Phantom Model 034, Amer-
ica) was scanned with CT (512 × 512 × 336,
0.41 mm × 0.41 mm × 1 mm). Then the surface
and internal spine structure were extracted. The
PCS was used to obtain the point cloud of the
surface for registration. Finally, the see-through
AR was implemented by projecting the internal
spine structure to the phantom surface.
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Fig. 17.6 Image-guided system with a movable tablet display; real-time navigation for percutaneous puncture in the
prostate (a, c) and kidney (b, d). (Courtesy of Dr. Arnaud Marien)

Zhang et al. [13] developed an enhanced 3D
autostereoscopic AR system. It can realize high-
quality see-through surgical guidance and is ex-
pected to be used as in situ guidance for ortho-
pedic surgery. The visual interfaces of this study
are shown in Fig. 17.8.

With the advent of novel commercial AR
devices and mixed reality devices, new solutions
are emerging for visual interfaces in surgical
operations. Golab et al. [14] designed an AR
system on Google Glass (Google, Inc., Mountain
View, Calif, USA.) for spine surgery. During
selective dorsal rhizotomy neurosurgical proce-
dures, the doctor wearing the AR system can ob-
serve the real-time response of neural electrical
signals. Perkins et al. [15] and Tepper et al. [16]
demonstrated the great potential of mixed reality
based on Microsoft HoloLens (Microsoft Corp.,
Redmond, Wash, USA.) in orthopedics.

These new visual interfaces (AR, VR, and
MR) showed great advantages in intraoperative
interaction, but for real clinical applications,
there are some technical issues which need to be
further studied, such as display latency, imaging
accuracy, registration accuracy, etc. [17].

17.3.4 Interactive Control During
the Surgery

During image-guided or robot-assisted surgery, it
is necessary for surgeons to adjust the displayed
images or surgical instruments. Then they can
manipulate the tools or control the robot to per-
form high-quality surgery.

Traditionally, to keep the surgery environment
sterilized, surgeons can only accomplish some
simple operations by the switch equipped on
surgical tools. But in order to perform complex



216 G. Wang et al.

Fig. 17.7 Experiment using lumbar vertebra phantom; (a) experiment scene; surface extracted from phantom CT
images (b); internal structure of the phantom (c)

Fig. 17.8 Enhanced 3D autostereoscopic AR system; demo for microsurgery in orthopedic operations (a); magnified
surgical sense in orthopedic operations (b). (Courtesy of Dr. Liao HG)

adjustment of the navigation system, surgeons
need close cooperation with their assistants. Al-
though this interactive form allows for collab-
oration between the surgeon and his assistants,
this requires them to be experienced working
together.

Touchless interactive HMI makes it possible
for surgeons to control the equipment via gesture,
posture, or voice without touching. Touchless
interactive HMI at present mainly utilizes mature
commercial interactive devices and is designed

for specific surgery needs. The widely used in-
teractive devices include the Kinect (Microsoft
Corp., Redmond, Wash, USA.), Leap Motion
(Leap Motion Inc., San Francisco, USA), and
similar kinds of detectors.

Lopes et al. [18] developed a touchless in-
terface controlled via hand gestures and body
posture to rapidly rotate and position images
in three dimensions. Mewes et al. [19] utilized
Leap Motion to toggle and operate images during
image-guided intervention.
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Fig. 17.9 Wearable
interactive devices based
on Myo™ Armband for
image control (the Myo
gesture control armband
from Thalmic Labs)

Wearable interactive devices based on inertial
navigation and myoelectricity can also be applied
in HMI. It is worth mentioning that these devices
have no occlusion issues and are not limited to
working in the field of view of tracking sys-
tems. As shown in Fig. 17.9, a myoelectricity-
based wearable armband was worn on the sur-
geon’s arm, and instructions from arm move-
ments can be instantly recognized. By using
this device, surgeons can control image infor-
mation in real time without touching anything
[20].

Currently touchless interactive HMI is mainly
studied in laboratories. Although some have been
validated in a surgery environment, the robust-
ness and accuracy of touchless control is still
limited and cannot replace the present operation
mode. So far, there is no mature touchless in-
teractive HMI that can be widely accepted by
surgeons [21].

17.4 Interfaces of Intraoperative
Operation Status Monitoring
and Feedback

Orthopedic navigation or surgical robot systems
use tracking equipment to obtain the relative po-
sition of surgical tools and the patient’s anatomy.
In order to guide surgeons to manipulate surgical
tools in an invisible surgical field, the relative
positional relationship between tools and patients
is usually displayed by the navigation system.
However, the interactive interface based on the
visual feedback device only allows surgeons to
visually inspect the relative position of surgical

tools and bone. Due to the limitation of having to
pass all the guide information through the visual
interfaces, nonvisual intraoperative status infor-
mation has not been well applied in orthopedic
navigation systems. By detecting and identifying
specific signals during the surgery, the interaction
of surgical tools and dissecting tissue can be
monitored. In this way, surgeons can receive mul-
tidimensional guidance, and better treatment re-
sults can be achieved. However, the material and
anatomy of the human skeleton is quite complex,
and orthopedic instruments are usually running
at a very high speed. There are still consider-
able challenges to make a comprehensive, ac-
curate, and reliable state detection in orthopedic
surgery.

17.4.1 Force Signal Monitoring
and Feedback

During manual operation in orthopedic surgery,
surgeons need to determine the interaction force
between instruments and the patient’s bone to
make corresponding adjustments of the tools in
real time. This places high demands on the sur-
geons’ level of experience. Since the force signal
during surgery can be digitized by the sensor,
and the status of the surgical instrument can be
automatically recognized by an intelligent signal
analysis algorithm, this problem can be partially
addressed by passing the surgical instrument’s
state to surgeons via HMI. Kastelov et al. [22–25]
designed a special automatic and/or semiauto-
matic bone drilling by monitoring the thrust force
during orthopedic drilling. They can monitor the
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type and depth of bone tissue during drilling.
A visual interface was used to display real-time
information. The risk of far cortex damage during
drilling can be avoided by this approach. Hu
et al. [26–28] studied thrust force and torque
signal during the bone drilling with the force
sensing; five key states, including the initial state,
the outer cortical state, the cancellous state, the
transitional state, and the inner cortical state, can
be recognized.

17.4.2 Audio and Vibration Signal
Monitoring and Feedback

In surgical operations, acoustics and vibrations
are generated when high-speed rotating tools
contact different tissues and bone structures. The
status of the surgical instruments are also in-
cluded in acoustic and vibration signals. Due to
differences in personal experience, it is hard for
surgeons to determine the status from this kind
of signal accurately. Some researchers monitor
these signals to identify the status of instruments
during surgery. Dai et al. [29] collected the tis-
sue’s vibration and acceleration signals during
bone milling. They can monitor different tissue
structures in robotic-assisted bone milling. Their

device was verified on porcine spines, which
successfully discriminated the tissues in the op-
eration field such as bone, spinal cord, and mus-
cle. Hu et al. [30, 31] collected acoustic signals
during drilling to identify the state of the drilling.
They can identify different bone tissue structures
that may potentially prevent drilling through the
spine during surgery.

17.4.3 Spatial Distance Signal
Monitoring and Feedback

In orthopedic surgery, it is not only necessary to
ensure accurate excision of the target tissue but
also important to protect the normal tissues and
vital organs around the excised area. In operation,
the positional relationship between the surgical
instrument and the patient’s anatomy can be ob-
tained by the registered navigation system in real
time. The real-time positional relationship can
be passed to surgeons through the man-machine
interface. In this way, surgeons’ mistakes may
be avoided. For example, in orthopedic drilling
surgery, the position of drilling tool’s end point
can be modeled and monitored by the navigation
system, and a safe area for peripheral nerves can
be set, as shown in Fig. 17.10. When the distance

Fig. 17.10 Warning navigation system using real-time safe region monitoring for otologic surgery; prototype system
(a); the degree of risk when the drill tip approached the surface of the facial nerve (b). (Courtesy of Dr. J. Hong)
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between the drilling point and the nerve tissue
exceeds the safety threshold, an audible alarm
is triggered to alert the surgeons [32–34]. In
addition, monitored spatial location information
can also be conveyed using a certain parame-
ter of sound such as frequency. Thus, guiding
information such as distance can be fed back
to surgeons though the sound interface in real
time [35].

17.5 Surgical Simulation
and Training

With the development of human-machine inter-
face technologies, such as VR, AR, and haptic
feedback, many novel simulation methods have
emerged for the training of novice surgeons.
These novel methods not only have advantages
in operating space, reduced surgery times, and
surgical reproducibility but also show real 3D
images of body anatomy or haptic feedback. Un-
like relatively mature simulation systems, such as
those for endoscopy or needle insertion, simula-
tors for orthopedic surgery have lagged behind
simulators from other fields over the past 20 years
[36]. The emergence of new human-machine in-
terfaces marks a turning point for orthopedic sim-
ulation. Lots of orthopedic simulation systems
created by research institutes or companies have
been carried out.

Mithra et al. [37] classified orthopedic simula-
tion into three groups: non-interactive simulators,
interactive simulators based on visual feedback,
and interactive simulators based on visual and
haptic feedback. Non-interactive simulation is
the most widely used way to train surgeons be-
fore the application of novel interfaces. Nowa-
days, both interactive simulators based on vision
and interactive simulators based on haptic and
vision have become mainstream. As for hardware
equipment, besides traditional interfaces, various
commercial products are available. These prod-
ucts can accomplish operations freely in three-
dimensional space and provide users with haptic
feedback.

17.5.1 Vision-Based Feedback

Virtual reality technology can show us a vivid
scene by rendering and simulating users’ oper-
ations. Using VR technology, orthopedic simu-
lation systems can provide trainees real three-
dimensional anatomy structures from individuals
and reduce the cost of training. At the same time,
it has a great advantage in improving trainees’
understanding of complex bone structures. Cecil
et al. [38] developed an orthopedic simulator
for less invasive stabilization system (LISS) plat-
ing orthopedic surgery based on VR technology.
Operators can interact with the virtual environ-
ment by operating the device and perform some
surgical tasks such as fracture reduction, LISS
plate positioning, and fixation. Finally, learning
assessments consisting of qualitative and quan-
titative tests were conducted by surgeons and
students and showed the significance of using VR
technology in LISS plating surgery.

In surgical simulation, AR is even more ef-
fective. Shen et al. [39] developed a preopera-
tive system for unilateral pelvic and acetabular
fracture reduction and internal fixation surgery.
This system consists of two subsystems: a semi-
automatic 3D fracture reduction system and a
simulation system based on AR. While the semi-
automatic 3D fracture reduction system aims to
repair the broken pelvic according to pelvic sym-
metry and plan, the surgical path simulation sys-
tem made trainees more proficient on specified
surgical tasks by matching the implant in real and
virtual space. Six clinical trials were conducted to
verify the feasibility of this system.

In addition to VR and AR, mixed reality tech-
nology also brings us novel surgical simulation
solutions. As shown in Fig. 17.11, the patient’s
anatomy can be directly matched to the human
body model by using the Microsoft HoloLens.
What is more significant is that the real-time
images obtained by the ultrasound device can
be superimposed in situ on the virtual anatomy
and the human body model. This kind of surgical
simulation can greatly enhance the authenticity
and intuition of the doctor and is more conducive
to developing the doctor’s understanding [40].
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Fig. 17.11 Mixed reality
ultrasound simulation
solution with Microsoft
HoloLens. (The picture is
from CAE Healthcare)

Fig. 17.12 Commercial products: ARTHRO Mentor™ (a) and ArthroSim Arthroscopy Simulator (b) (Simbionix
ARTHRO Mentor from 3D systems, ArthroSim Arthroscopy Simulator from Touch of Life Technologies Inc.)

17.5.2 Haptic and Vision-Based
Interaction

In surgical simulation, the absence of haptic feed-
back is a potential drawback for simulation [41].
Jecobi et al. [42] have concluded that the simula-
tion based on haptic and vision has great advan-
tages in execution time and training precision. A
few haptic feedback simulators were developed.
Figure 17.12 gives two examples of orthopedic
simulators. These systems allow trainees to ac-
quire true-to-life hands-on experience with haptic
feedback by utilizing a realistic set of tools.
Although the effectiveness of haptic feedback
in surgical simulation is still debated, several
studies [41, 43, 44] have shown that surgical sim-

ulation with haptic feedback can provide more
realistic feedback and reduce the learning curve
of surgical simulation.

Bone drilling is considered the most basic op-
eration in orthopedic surgery. The effectiveness
of some operations, such as implanting screws,
depends on the accuracy of pre-drilling of bones.
Mithra et al. [37] designed a bone drilling sim-
ulator based on the Phantom Desktop™ device.
Using the simulator, they carried out two ex-
periments with haptic feedback and reported the
feasibility of the simulator.

Spinal surgery is a high-risk operation in
orthopedic surgery because of the spine’s
proximity to surrounding nerves and soft
tissues. In the research by Cristian et al. [45],
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an immersive touch augmented virtual reality
system was developed for pedicle implantation.
The system generates high-resolution VR and
AR and provides real-time force feedback.
A test on 51 participants was conducted,
which concluded that the participants’ accuracy
of implanting virtual pedicle screws was
comparable to the accuracy of implanting actual
screws reported in the literature.

Due to the use of novel human-machine inter-
faces such as AR, VR, and haptic feedback, there
have been huge changes in the form of orthopedic
simulation. Although some commercial products
have appeared on the market, the applications of
these new interfaces in surgical simulation are
still in their infancy. As surgical simulation and
human-machine interfaces support each other, in-
telligent human-machine interfaces will provide
a higher fidelity environment both for simulation
training and orthopedic operations in the near
future.

17.6 The Trends of Intelligent HMI
in Orthopedic Navigation

Modern orthopedic surgery is increasingly de-
pendent on the support of advanced medical
equipment. HMI serves as a bridge between sur-
geons and medical devices, which allows for
smooth interaction between them. HMI needs to
accurately transfer the patient’s anatomy, naviga-
tion information, and other intraoperative signals
to the surgeons and also needs to obtain the
surgeons’ operational intentions and give timely
feedback. HMI in orthopedics shows the follow-
ing trends.

In terms of information output, virtual reality
[5, 38], augmented reality [12, 13, 39], and mixed
reality [15, 16] have been continuously intro-
duced into clinical research, such as preopera-
tive planning, intraoperative guidance, and surgi-
cal simulation. New commercial display devices
such as Google Glass and Microsoft HoloLens
have also been gradually adopted in the field of
orthopedic navigation [14, 16]. With this new
3D display technology, finer orthopedic anatomy
will be presented to surgeons in a more realistic

way. In addition, the presentation of surgical
information will not only be limited to visual
feedback, but comprehensive multidimensional
sensory feedback, such as auditory, tactile, and
force perception, which will bring more compre-
hensive guidance to surgeons [35]. Consequently,
the spatial positional relationship between surgi-
cal instruments and tissue will not be the only
guidance information that the navigation system
can provide. The force interaction between the
device and tissue, anatomical changes, and other
physical or physiological nonvisual information
can all be presented to the surgeon through the
man-machine interface for more precise surgical
guidance [28, 32].

In terms of information input, in addition to
traditional input devices, contactless interaction
such as gesture interaction and voice interaction
also show the potential in the operating room.
Contactless interaction technology based on ges-
ture recognition has the advantages of sterility
and being more in line with the surgeons’ in-
tuition when operating a 3D model. This tech-
nique has considerable advantages in both surgi-
cal planning and intraoperative imaging control
[19, 46]. Voice interaction allows surgeons to use
natural language to convey operational intent to
the device [47, 48]. This approach is similar to
the interaction between people and will be more
conducive to collaboration between surgeons and
navigation systems.

The new HMI technology offers considerable
advantages and potential in orthopedics, both
at the input and output levels of information.
However, these new technologies still need to
be further improved in terms of practicability,
reliability, and safety so as to truly meet the needs
of the operating room. Another potential problem
is that current HMI technology is still inde-
pendently developed toward different directions.
Only single interaction modes (such as visual,
auditory, tactile, gestures, etc.) are considered,
and most studies are about a single interaction
technique application in orthopedic navigation.
This is necessary at early stages of technological
development. However, ideally surgeons need
be able to interact more naturally and habitu-
ally with the surgical equipment by systemat-
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ically invoking their sensory and operating or-
gans. Therefore, the question of how to integrate
various advanced HMI technologies together to
achieve multidimensional interaction is still a
problem that needs to be further explored.

With the rapid development of technologies
in display, sensor, and artificial intelligence, it
is foreseeable that medical devices will have
more power to understand surgeons’ operational
intentions and the effect of feedback is more
in line with surgeons’ intuition. In the future,
surgeons’ gestures, voice, and even eye move-
ments are likely to be the means to communi-
cate with medical devices [49], and the degree
of understanding between surgeons and medical
devices can reach the level of Tri-Co (Coexisting-
Cooperative-Cognitive) [50].
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Abstract

Clinical benefits for image-guided or-
thopaedic surgical systems are often measured
in improved accuracy and precision of
tool trajectories, prosthesis component
positions and/or reduction of revision rate.
However, with an ever-increasing demand
for orthopaedic procedures, especially joint
replacements, the ability to increase the
number of surgeries, as well as lowering
the costs per surgery, is generating a similar
interest in the evaluation of image-guided or-
thopaedic systems. Patient-specific instrument
guidance has recently gained popularity in
various orthopaedic applications. Studies have
shown that these guides are comparable to
traditional image-guided systems with respect
to accuracy and precision of the navigation of
tool trajectories and/or prosthesis component
positioning. Additionally, reports have shown
that these single-use instruments also improve
operating room management and reduce
surgical time and costs. In this chapter,
we discuss how patient-specific instrument

M. Kunz (�) · J. F. Rudan
Department of Surgery, Queen’s University, Kingston,
ON, Canada
e-mail: kunz@queensu.ca

guidance provides benefits to patients as well
as to the health-care community for various
orthopaedic applications.

Keywords

Patient-specific instrument guidance · Total
knee arthroplasty (TKA) · Computer-assisted
surgery (CAS) · Cartilage defect repair ·
Planning

18.1 Introduction

The introduction of x-ray technology as a medi-
cal image modality by William Conrad Röntgen
in 1895 marked the beginning of image-guided
surgery. Within months of Prof. Röntgen publish-
ing his findings, x-ray images were not only used
as a diagnostic tool but also to navigate surgical
procedures [1, 2]. One of the first reported cases
was performed by Dr. Robert Jones in Liverpool
to remove a small bullet which was embedded in
a boy’s wrist [2]. In this case, x-ray images of the
affected anatomy allowed the surgeon to better
understand the complex anatomy of the patient,
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plan a suitable approach and help to transfer this
plan into their surgical actions [3]. This basic
workflow for an image-guided intervention is still
used today in many orthopaedic interventions.

In general, image-guided surgery provides a
link between a plan based on an image of the
affected anatomy and the intraoperative action
of the surgeon. The challenge in every image-
guided procedure is to link the intraoperative
situation to the medical image of the affected
anatomy. This step requires a registration of the
real anatomy to the representation of the anatomy
in the image. In traditional image-guided inter-
ventions, this 2D (x-ray) to 3D (anatomy) regis-
tration is performed by the surgeon and relies on
his or her clinical expertise.

In the early 1990s, computer-assisted surgery
(CAS) systems were introduced for orthopaedic
applications. CAS systems are image-guided
surgery systems in which the link between image
and anatomy is created using a navigator. CAS
systems can be classified as freehand systems or
instrument-guided systems. This characterization
is based on the style of the instrument handling.
In freehand systems the surgeon is guiding
the surgical instrument, and the CAS system
is providing visual feedback to navigate the
instrument position and trajectory. In instrument-
guided systems, the surgical tool is physically
guided by the CAS system. Robotic-assisted
systems are one example of such instrument-
guided CAS systems.

A novel method of instrument-guided
computer-assisted surgery was introduced in
1998 by Prof. Rademacher [4]. Patient-specific
instrument guides, also known as patient-specific
guides, or patient-specific instrumentations,
provide a unique way of registration. While
“conventional” CAS systems registration is per-
formed by applying computer algorithms intra-
operatively to virtually align the image with the
anatomy, in patient-specific instrument guides,
the registration is structurally integrated into a
physical component of an instrument guide.

The basic steps for the patient-specific
instrument-guided procedure are image acquisi-
tion, surgical planning, surgical guide design and
creation, registration and instrument tracking.

In the image acquisition step, a 3D image
(computed tomography (CT) or magnetic reso-
nance imaging (MRI)) of the affected anatomy is
obtained, and image analysis methods are applied
to create 3D isosurface models of the anatomy
(Fig. 18.1a). Using these 3D models, a surgi-
cal plan is generated. Depending on the surgi-
cal intervention, this plan may contain entrance
point, trajectory and/or insertion depth of one
or more surgical instruments. Furthermore, for
arthroplasty cases, the type and size of pros-
thesis components may be planned (Fig. 18.1b).
Surgical planning and 3D isosurface anatomical
models are then used to design a patient-specific
instrument guide. Each guide contains one or
more registration components, as well as one or
more tool guidance components. The registration
component(s) are shaped to fit uniquely onto
areas of the 3D anatomical model which will
be accessible during the surgical intervention. To
ensure a stable and unique registration, anatom-
ical areas with distinct features are chosen, such
as bone protuberances or unique curvatures. In-
strument guidance components (such as cylinders
or slots) are integrated into the guide in such
a way to reproduce the surgical planning (Fig.
18.1c). A physical model of the patient-specific
instrument guide is created using prototyping
technology. The majority of patient-specific in-
strument guides are currently produced using
an additive manufacturing process, also referred
to as 3D printing, in which a part is created
by depositing material, layer-by-layer [5]. These
guides are then packaged, and sterilized, and
sent to the surgery room. During the surgery, a
surgical exposure is performed, and the guide
is fitted to the corresponding anatomical surface
(Fig. 18.1d). With the guide in the predefined
(registered) position on the anatomy, surgical
instruments are navigated using the guidance
components in the guide (Fig. 18.1e). After all
tools are navigated, the guide is removed from
the anatomy and discarded.

Although the implementation of tool navi-
gation in patient-specific instrument guides is
very different to the above-mentioned robotic
CAS systems, both systems can be classified as
instrument-guided CAS systems. In both meth-
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Fig. 18.1 Basic steps for
patient-specific
instrument-guided
procedures. This example
shows a patient-specific
guide for the femoral
central pin placement
during a hip resurfacing
procedure: (a)
segmentation and 3D
model generation from a
preoperative CT scan; (b)
surgical planning of
component size and central
pin alignment; (c) guide
design, surface area around
the femoral neck is used to
register the guide to the
anatomy; (d) intraoperative
registration of the
patient-specific instrument
guides; (e) a medially
attached guidance
component is used to drill
the pin into the bone
following the preoperative
planned central pin
trajectory

ods, the surgeon manually performs the regis-
tration: in robotic-CAS systems, by selecting
and digitizing appropriate anatomical features; in
patient-specific instrument guides, by fitting the
guide to the corresponding anatomical surface.
Following registration, in both systems, the sur-
gical tool(s) are guided along a preoperatively
defined tool trajectory.

Currently, the majority of applications
for patient-specific guides are in total knee
arthroplasty. Other applications include hip and
shoulder arthroplasty, osteotomies, and cartilage
repair. In the following sections, we will focus
on knee applications. We will also examine the

effect of patient-specific instrument guides on
operating room efficiency, costs and infection
rates. We will conclude this chapter with a
discussion of challenges and future developments
in the area of patient-specific instrument guides.

18.2 Patient-Specific Instrument
Guides for Total Knee
Arthroplasty

Total knee arthroplasty (TKA) is a well-
established surgical treatment for patients with
advanced knee osteoarthritis. It is predicted
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that the number of primary TKA cases in the
USA will be over 1.3 Million in 2020, which
reflects a 300% increase compared to 2005 [6].
Other countries predict a similar increase in
demand for this procedure [7, 8]. Although the
complication rate for the procedure is considered
low, due to the number of procedures performed,
revision surgeries are still a burden for health-
care systems.

The malalignment of prosthesis components
during the surgical intervention is considered
a major factor for implant failure. In particu-
lar, outliers in the overall coronal leg alignment
are associated with a higher rate of revisions
compared to well-aligned knees [9]. Computer-
assisted surgery systems are applied to TKA pro-
cedures with the goal of increasing the accuracy
and reliability in prosthesis component align-
ment. CAS systems for TKA procedures were
introduced by Delp et al. in 1998 [10]. Although
many studies have shown an improvement in
component alignment using CAS as compared
to conventional TKA procedures [10], their ef-
fect on the long-term success of the procedure
has prompted controversial discussion for many
years. However, in 2016, the Australian National
Joint Registry reviewed their long-term results
and reported a significant decrease in revisions
for the CAS-TKA system relative to conventional
TKA procedures [11], indicating that the im-
proved component alignment resulted in a better
long-term clinical outcome.

The application of patient-specific instrument
guides for TKA has seen rapid growth in recent
years. Various commercial products implement
the concept of patient-specific instrument guides
for TKA cases. The current leading products on
the market are the PSI Knee System and the
Signature System from Zimmer Biomet (Warsaw,
IN, USA), the TruMatch Personalized Solution
from DePuy Synthes (Warsaw, IN, USA) and the
Visionaire Patient Matched Instrumentation from
Smith & Nephew (London, UK).

In general, patient-specific instrumentations
for the TKA procedure contain a set of two
patient-specific guides: one femur and one tibial
guide. These guides are designed to be used
with standard surgical approaches, such as me-

dial parapatellar arthrotomy. The registration sur-
face of the femur guides contains part of the an-
terior ridge as well as part of the distal condyles.
The tibia guides are fitted to the anterior medial
tibial cortex and medial and/or lateral plateaus.

Patient-specific instrument guides in TKA are
employed to navigate the femoral and tibial bony
resections. The guidance components contain ei-
ther slots to directly navigate the saw to perform
these bony cuts or contain cylinders to navigate
the insertion of pins. These pins are then used to
position a standard prosthesis cutting block onto
the bone, which subsequently guides the saw for
the bony resections.

In recent years, various studies have reported
on the short- and midterm outcomes of patient-
specific guided TKAs compared to conventional
TKA procedures. So far, there is no common
conclusion as to whether the guides provide
higher accuracy and/or precision in achieving
optimal prosthesis component alignment.
While some studies found that patient-specific
instrument guided cases had a significantly better
and/or more reliable overall leg alignment [12–
17], other studies did not find a significant
difference in the neutral leg alignment [18–
24]. Similarly, some studies found that the use
of patient-specific instrument guides increased
the accuracy and/or reliability for femoral
component rotation [25–27], while other studies
did not see a significant difference in femoral
component rotation between the use of patient-
specific instrument guides and the conventional
technique [28, 29]. Some studies have found
that the application of patient-specific instrument
guides might result in less accurate and reliable
alignment for the tibial component [21, 30]. On
the other hand, Heyse et al. found that the use of
patient-specific instrument guides improved the
tibial component rotation significantly compared
to conventional technique [31]. Sliva et al. and
Ng et al. found significantly smaller deviations
for tibial component rotation using patient-
specific guides [25, 32].

Notably, only a minority of the above-
mentioned studies used a 3D image modality,
such as CT or MRI, for the postoperative
evaluation of the alignment errors [14, 15, 22,
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25, 27, 31, 32]. More often, the measurements
were performed on plain radiographs and might
be affected by projection errors.

The majority of studies have reported no
significant differences in patient-reported short-
or midterm clinical outcomes. However, Nabavi
et al. published significantly higher Oxford Knee
Scores in the 1-year postoperative follow-up for
patients treated with patient-specific instrument
guides compared to conventional instruments
[33].

Unlike conventional TKA instrumentations,
patient-specific instrument guides do not require
the opening of the femoral intramedullary
canal. This, together with the reduced surgery
time discussed below, is believed to be
the reason for significantly reduced blood
loss, which some researchers observed when
comparing conventional and patient-specific
guided procedures [33–36].

Commercial patient-specific instrument guide
systems for TKA procedures use either MRI or
CT scans as preoperative image modalities. The
authors of a recently published meta-analysis
concluded that CT-based guides had a slightly but
significantly higher incidence rate of outliers in
the coronal overall limb alignment compared to
MRI-based guides [37].

Many authors of the above-mentioned
studies discussed limitations, including low
case numbers, single-surgeon observations and
absent long-term evaluations. Further studies
are required to fully evaluate the effect of
patient-specific instrument guides on the clinical
outcome for total knee arthroplasties.

18.3 Operating Room Efficiency,
Cost and Infections

Although the effect of patient-specific instrument
guides on postoperative alignment of prosthesis
components is still uncertain, there is less con-
troversy about the effect of these guides on the
operating room efficiency.

Studies have shown a significant decrease of
surgical time compared to conventional proce-

dures [12, 13, 23, 24, 35, 38–41]. The average de-
crease in surgical time varied between 3 min [23]
and 18.5 min [12]. Some authors also reported a
significant decrease in the overall operating room
time, ranging between 8.6 min [13] and 20.4 min
[38].

In contrast, Hamilton et al. did not find a sig-
nificant decrease in surgical time, but did report
a significant decrease in the number of surgical
trays opened during the procedure. The group
measured the average number of trays opened
during a conventional procedure as 7.3, which
was significantly reduced to 2.5 using patient-
specific guides [42]. Significant reductions of
opened trays during the surgery were also found
by other researchers [13, 17, 29].

Conventional instrumentations for performing
bone resections during TKA procedures adapt to
differences between patients by accommodating
instruments and instrument parts of various sizes,
angles, distances etc. Often, these instruments
are modular, requiring assembly in the operating
room. Patient-specific instrument guides make
many of the conventional instruments obsolete,
simplifying and streamlining the intraoperative
procedure. These changes are reflected in the
published reduction in surgical time and number
of trays opened during the procedure.

The correlation between the number of
opened trays during the surgery and a faster
room turnover time was measured in a study
by DeHaan et al. [38]. The authors of this
study found that the average turnover time for
conventional TKA surgery was significantly
reduced from 21.6 min to 15.2 min using patient-
specific instrument guides. DeHaan and co-
authors also analysed the costs and savings
associated with patient-specific instrument
guides for TKA surgeries in a single US
institution. Added costs for patient-specific
guides, including preoperative imaging and
the guide itself, were documented to be in
a range of $930–$1860. The average cost
saving was calculated as $1566 per case, which
included the savings from reduced operating
room time and sterilization of fewer trays. The
authors concluded that, depending upon which
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imaging centre is used, the use of patient-specific
instrument guides for TKA procedures can result
in significant cost savings.

A more comprehensive cost analysis was
performed by Tibesku et al. using an activity-
based costing model [43]. The authors of this
study also concluded that the additional costs per
case for the guide and the preoperative imaging
were offset by an increase in the efficiency of
the procedure which led to cost savings due to
reduction in OR time and reduced surgical tray
utilization. The activity-based cost model applied
by the authors of this study showed an annual OR
time savings of 10,500 min. By utilizing these
gains in OR time to perform surgeries other
than TKA, the model estimated the additional
gross margin for the hospital per year as 78,240
Euros. The study concluded that if saved OR
time can be used effectively to perform additional
procedures, the use of patient-specific instrument
guides can result in incremental revenue for the
hospital.

Furthermore, it is speculated that the preop-
erative planning of prosthesis component sizes
might result in decreased storage and loaner costs
for instruments, which, in turn, might also result
in additional cost savings for the hospital and
health-care system.

Due to their individualized character, patient-
specific instrument guides are single-use instru-
ments. In general, single-use instruments are con-
sidered safer with respect to infection control
compared to reusable instruments, since cross-
contamination can be avoided [44–46]. The effect
of using patient-specific instruments during TKA
procedures on the postoperative infection rate
should be investigated further, as surgical site
contamination can lead to periprosthetic infec-
tions, a serious complication with prolonged and
expensive treatment [47]. It stands to reason that
lowering the infection rate can not only have a
huge benefit for the patient but can also result
in significant lowering of costs for hospitals and
health-care systems.

18.4 Patient-Specific Instrument
Guides for Large
Osteochondral Cartilage
Defect Repair

Clinical studies have demonstrated superior out-
comes for osteochondral autologous transplanta-
tions (OAT) as a treatment option for osteochon-
dral cartilage defects [48, 49]. In this procedure,
one or more autologous osteochondral cylindri-
cal grafts are harvested from minimal weight-
bearing areas in the joint and transplanted in a
weight-bearing area where cartilage is damaged.
Unlike alternative treatment options, OAT is a
single-stage treatment with restoration of mature
hyaline cartilage and fast native bone-to-bone
subchondral healing. On the other hand, vari-
ous studies have demonstrated the importance
of creating a congruent, continuous joint surface
when using OAT to optimize outcomes [50, 51].
Donor site accessibility and the variation in the
radius of the femoral condyle curvature make re-
creation of a congruent joint surface challeng-
ing when using multiple small grafts. Further-
more, the limited donor site availability often
restricts conventional OAT treatment to lesions
less than 4 cm2 [49]. However, the combination
of advances in 3D preoperative planning and
accurate and reliable intraoperative guidance also
makes this preferred treatment option available
for larger defects.

Here we describe a case of a 17-year old
woman with a 6.9 cm2 full-thickness cartilage
defect in the medial femoral condyle of her right
knee, who was treated with a patient-specific
instrument-guided OAT procedure. Prior to the
surgery, a CT arthrogram scan of the treatment
knee was obtained. Three-dimensional surface
models of the bony anatomy and the cartilage
were created (Fig. 18.2).

These models were imported into our custom-
designed image-guided planning software [52].
In consultation with the orthopaedic surgeon, a
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Fig. 18.2 Left side shows
a sagittal CT arthrogram
slice of the medial condyle.
Blue contours mark the
outline of bone; yellow
contours mark the outline
of cartilage. Right side
shows the isosurface
models for bone and
cartilage created from the
segmented CT arthrogram

patient-specific surgical plan was developed. The
surgical plan consisted of a set of five osteo-
chondral grafts (plugs) positioned in the defect
site and their corresponding harvest sites. The
plugs could be rotated axially allowing the sloped
surface at the harvest site to match that of the
defect site. Furthermore, by displaying the bone
and/or cartilage 3D model transparently, the bone
plug interference in the recipient and harvest sites
could be identified and corrected. Based on the
intraoperatively available harvest and delivery
tools, plug diameters were planned with three
plugs with a diameter of 10 mm and two plugs
with an 8 mm diameter. Figure 18.3 shows the
final surgical plan.

Using the patient’s surgical plan, a set of in-
dividualized guides were designed and prototype
printed using a thermoplastic ABS material. For
each osteochondral graft in the surgical plan, a
guide was constructed containing the following
three components: a positioning template, a har-
vest guide cylinder and a delivery guide cylinder
(Fig. 18.4).

The undersides of the positioning templates
were shaped to the surface of the femoral
condyles surrounding the defect as well as the
patellar groove and were designed to fit into a
conventional surgical exposure of the knee (Fig.
18.4-1). For the preparation of the delivery site,

Fig. 18.3 A set of 3 × 10 mm and 2 × 8 mm grafts
were planned. For each graft, the planned harvest site and
corresponding recipient site are marked with the identical
colour

a guide cylinder was positioned directly over
the planned recipient site (Fig. 18.4-2), which
guided a chisel tool to prepare the cylindrical
recipient hole. A harvest guide cylinder was
integrated into the template to allow positioning
and orienting of a conventional harvester over the
planned harvest site (Fig. 18.4-3). The delivery
of the harvested graft plug was guided through
the delivery guide cylinder (Fig. 18.4-4). Small
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Fig. 18.4 Patient-specific
instrument-guided
harvesting and delivery of
one osteochondral graft

spherical rotation marks attached to the harvest
cylinder, as well as the delivery cylinder, allowed
insertion of the graft following the planned
rotation and ensured that the slope of the graft
consistent with the medial condyle curvature. To
ensure that the prepared delivery hole and the
height of the cylinder matched, the depth of the
chisel insertion was navigated using a predefined
mark on the chisel tool. The planned depth of
tool insertion was reached when this mark was
aligned with the top of the guidance cylinder.

After delivery of the graft, the patient-specific
instrument guide was removed (Fig. 18.4-5). The
same procedure was repeated for the remaining
four grafts, each with their own specific guide
tool.

Preoperatively, as well as 3 months, 6 months
and 1 year postoperatively, the patient docu-
mented pain and function using the Knee Injury
and Osteoarthritis Outcome Score (KOOS) and
the Western Ontario and McMaster Universi-
ties Osteoarthritis index (WOMAC). Figure 18.5
shows the KOOS sub-scores for symptoms, knee-
related quality of life, pain, function in daily
living (ADL) and function in sports and recre-
ation (Sportsrec). Overall, the sub-scores showed
a continuous improvement during the follow-up

period. Similarly, the WOMAC sub-scores1 for
pain, stiffness and function showed a steady im-
provement over the 1-year postoperative follow-
up time.

Using conventional surgical techniques, OAT
is considered technically demanding for larger
lesions due to the potential for incongruous sur-
face, gapping between the plugs with fibrocarti-
laginous fill and donor site morbidity [49]. There-
fore, it is often only used to treat defects which
can be filled with two to three plugs. By us-
ing accurate and high-resolution 3D preoperative
images, combined with medical image analysis
methods, a precise and careful preoperative plan-
ning of plug position, orientation and optimal
harvest sides can be performed.

Such virtual planning can provide unique
features, such as investigation of graft intersec-
tions, and measurements for defect coverage.
Furthermore, a preoperative planning allows
for a trial-and-repeat process to establish an
optimal graft pattern, which is impossible in an
ad hoc surgical approach. We have shown in
an earlier study that our preoperative planning

1Sub-scores were transformed to a 0–100 scale, with
higher scores reflecting better quality of life.
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Fig. 18.5 WOMAC and KOOS sub-scores for preoperative, 3-month, 6-month and 1-year postoperative evaluations

can achieve reproduction of natural cartilage
curvature with an Root Mean Square (RMS)
error of 0.31 mm, a defect coverage of 84%
and an overlap between the graft plugs of 16%
[52]. In the same study, we were also able to
show that large parts of the planning procedure
can be performed automatically with similar or
better results than those of a human operator with
substantially faster planning time.

After creating a preoperative plan which opti-
mizes the use of available harvest areas, patient-
specific instrument guides were employed to
precisely transfer this plan into the intraoperative
situation. By using guidance cylinders, combined
with rotational marks and depth navigation, it
was possible to guide tool trajectories with 6
degrees of freedom. Accuracy and precision of
this patient-specific instrument-guided technique
was investigated in a laboratory study [53]. By
using patient-specific guides, it was found that
the surgeons were able to significantly more
accurately reconstruct surface congruency over
the defect, have better coverage of the defect
area and reduce the number of grafts which were
proud or recessed compared to using the con-
ventional surgical technique. Furthermore, the
patient-specific instrument-guided procedures
were significantly faster, not only compared to
the conventional technique but also compared
to a freehand CAS method. An animal trial
showed that this higher accuracy and precision
during the intraoperative procedure directly
related to a better short-term healing response
in the transplanted cartilage [54]. Both of these
studies have shown that the patient-specific
instrument-guided methods were comparable to

freehand CAS methods with respect to accurate
reconstruction of the cartilage surface over the
defect. However, differences between the two
CAS systems were seen with respect to procedure
time, which was significantly longer for the
freehand CAS system. Furthermore, the animal
trial revealed a significantly smaller cyst volume
in the patient-specific instrument-guided group
compared to the conventional, a difference which
was not observed for the freehand CAS group.
It is considered that subchondral cysts might
be the result of synovial fluid penetrating into
the gap between the graft and the subchondral
bone. Since patient-specific instrument guides
are an instrument-guided CAS system, which
holds the chisel tool or drill in a steady trajectory
during the preparation of the delivery hole, it
may provide a more tightly fitting plug, reducing
the fluid penetration. With the conventional and
freehand CAS-guided techniques, the tools are
hand-held without external support and can result
in a hole that is less cylindrical.

A unique combination of preoperative plan-
ning and easy-to-use and precise intraoperative
guidance provides the ability to extend the tech-
nically demanding procedure of OAT to patients
with larger defects of over 4 cm2.

18.5 Other Applications for
Patient-Specific Instrument
Guides for Orthopaedic
Interventions

About 10 years ago, rapid prototype technology
started to be more widely available, which
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accelerated the research and development in
patient-specific instrument guides. Around the
same time, newly developed materials proved
to significantly increase the long-term survival
rate of hip resurfacing implants, which created
a renewed interest in using hip resurfacing
arthroplasty (HRA) as a treatment option for
hip osteoarthritis. However, HRA is deemed
a technically challenging procedure with a
significant learning curve [55], and interest in
image-guided methods for HRA procedures were
soon expressed. Consequentially, researchers
saw the opportunity to introduce patient-specific
instrument guides for HRA procedures. The
preparation of the proximal femur and the
resulting alignment of the femur component
allow for only a small margin of error, and the
majority of patient-specific instrument guides
in hip resurfacing are designed to navigate
femoral component placement. In hip resurfacing
systems, the placement of the femoral central pin
(also known as the guide wire) is a crucial step
for the accuracy of femoral component alignment
since it identifies the final femoral component
orientation, as well as 2 of the 3 degrees of
freedom for femoral component positioning.
Various research groups have published methods
and results for patient-specific femoral central
pin guidance tools. Figure 18.1 shows a patient-
specific guide for the femoral central pin
placement. We tested the accuracy of this patient-
specific guide design in various studies [56,
57] and found in the most recent study that the
alignment error for the central pin was 0.05◦ in
the frontal plane and 2.8◦ in the transverse plane.
We found errors in the entrance point for the
central pin of 0.47 mm in the frontal plane and
2.6 mm in the transverse plane. Other research
groups have compared similar patient-specific
instrument-guided solutions to conventional
central pin placements techniques and found
significantly improved accuracy for the patient-
specific guided pins [58–60].

Recently, researchers have also proposed
and evaluated solutions for patient-specific
instrument guides for total hip replacement
(THR). Various groups developed and tested

patient-specific instrument guides for acetabular
cup placement [61–65]. When compared with
conventional surgical methods, these guides
have shown to significantly improve acetabulum
cup alignment [61, 62, 65]. Similarly, patient-
specific instrument guides which were developed
to navigate the femoral stem placement showed
improved precision compared to conventional
methods [66, 67].

Other joint arthroplasty applications for
patient-specific instrument guides include total
shoulder arthroplasty [68–71] and total ankle
arthroplasty [72].

Bone abnormalities as a result of trauma
or disease may result in pain and limited
mobility of the adjacent joints. Osteotomy, a
surgical procedure in which a reduction of
bone towards a healthy anatomy is performed,
is a joint-preserving treatment option for such
cases. Osteotomy not only allows for angular
correction in three different planes (varus/valgus,
extension/flexion and internal/external rotation)
but also for displacement correction in three di-
rections (lengthening/shortening, medial/lateral,
dorsal/ventral). This 3D complexity means
these procedures profit greatly from a 3D
planning [73]. Since the misalignments (as a
result of fractures or deformities) are unique,
each patient also has a unique osteotomy
resection(s). It is, therefore, very difficult to
provide any “standard guidance” instruments,
and conventional procedures rely heavily on
intraoperative imaging and surgeon experience.
Instead, various research groups have suggested
navigating these complex procedures using
patient-specific instrument guides and have
published promising results in early studies.
So far, the suggested applications for patient-
specific instrument guides range from lower
limb osteotomies [74–76] and upper limb
osteotomies [77–79], to osteotomies to improve
joint functions [80–85]. Furthermore, patient-
specific instrument guides are utilized to navigate
pelvic tumour resections to ensure sufficient
margin resections as well as to avoid unnecessary
loss of joint function [86–89].
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Fig. 18.6 Depiction of a proximal tibia with a partly
cartilaginous osteophyte (yellow arrow). Left: dissection
of the proximal tibia. Middle: CT slice in sagittal view

with 120 KvP voltage and 2.5 mm slice distance. Right:
Sagittal T1-weighted MRI slice

18.6 Challenges and Future Work

Patient-specific instrument guides are a relatively
newly developed computer-assisted technology,
and their application for orthopaedic surgical
interventions is in the beginning phase. As with
many new developments, patient-specific guides
still have some challenges to overcome to achieve
a full transition into routine clinical use. In this
section, we will discuss some of these limitations
and some future and current work which may
overcome these challenges.

18.7 Preoperative Image
Modalities

Patient-specific instrument guides rely on a
preoperative 3D model of the affected anatomy
which accurately represents the patient’s
anatomy, especially in the registration areas.
The bases for such accurate models are
medical images of the anatomy which depict
the anatomical surface exactly. Particularly in
patients with osteoarthritis, this consideration
might be critical, because the disease is
characterized by the breakdown of articular
cartilage accompanied by the changing of local
bone anatomy [90]. One example of such bone
alterations is the development of osteophytes –
abnormal osteocartilaginous tissue that grows
along joint borders [91]. Their high variability in
density and composition might interfere with an
accurate depiction in medical image modalities.

Figure 18.6 shows the depiction of a partly
cartilaginous osteophyte on a proximal tibia
(left), in a CT scan (middle), and a MRI scan
(right).

Various studies have hypothesized that osteo-
phytes may be related to increased postopera-
tive errors for image-guided interventions. In an
accuracy study for patient-specific instrument-
guided total knee arthroplasties, Seon et al. sug-
gested that outliers resulted from large osteo-
phytes which interfered with the fit of the guide
[92]. An observational study on patient-specific
guides for hip resurfacing procedures found that
osteophytes, not accurately identified in a preop-
erative CT scan with standard segmentation pro-
tocols, could potentially result in errors up to 2.8◦
between the planned and final achieved tool tra-
jectories [93]. Results for this study also showed
that 78% of the surface points collected from
osteophytes were depicted in the CT scan with
a Hounsfield unit below the usual bone threshold
and would therefore be missed with segmentation
methods using the standard threshold.

In addition to osteophytes, motion artefacts
during image acquisition might result in insuf-
ficient image quality. Kosse et al. reported that
4% of the patients had visible motion artefacts
in the preoperatively acquired MRIs and needed
to be excluded from the study [28]. All of these
studies indicate that future work in the careful se-
lection of image modalities, custom-made imag-
ing protocols, as well as improved segmentation
protocols might improve the reliability of patient-
specific instrument guides. It can be speculated
that inaccurate depiction of the anatomy might
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be the reason for some of the reported outliers in
the above-mentioned clinical follow-up studies.

Some researchers have raised concerns about
the requirement of preoperative CT or MRI scans
due to the additional cost, time and radiation
exposure [18, 94]. Cerveri et al. published
early results of a feasibility study to replace
the preoperative 3D image with 2 to 5 x-rays
[95]. The authors proposed a method in which
these x-ray images of a patient are used to morph
a statistical shape atlas for a distal femur with
severe cartilage damage into a patient-specific
model. The results of this feasibility study are
promising, and future work in this area might
eliminate or reduce the need for costly and/or
invasive preoperative imaging.

18.8 Preoperative Planning

Patient-specific instrument guides are a tool to
transfer preoperatively planned resections into
the surgical situation. As such, the quality of
the preoperative planning plays an important role
in the postoperative outcome of the procedure
and should be performed with great care by
the surgeon. Although many commercial systems
provide an “initial plan” based on image analysis
for tibial and femoral resection, these plans might
not reflect optimal outcome from a clinical point
of view. A study found that 91.1% of initial
plans for patient-specific instrument-guided TKA
procedures required at least one correction by
the surgeon [96]. A similar study found that
surgeons corrected the initial plan for the size
of the femoral component in 16% of the cases
and the size of the tibial component in 48% of
the cases. The initial planned rotation for the
tibial component was changed by the surgeon in
all of the 50 investigated cases (100%), and the
initial planned flexion of the femoral component
was manipulated by the surgeon in 46% of cases
[97]. Goyal and Stulberg evaluated the precision
of surgical planning systems for patient-specific
instrumented TKA by comparing plans from two
different commercial systems and found signifi-
cant differences in the determination of the me-
chanical axis, in the planning of femoral and

tibial component sizes, as well as in the resection
heights of four of the six bone resections [98].

The findings of these studies show that future
developments into more advanced preoperative
planning methods might help to improve the
clinical translation for patient-specific instrument
guides.

18.9 Intraoperative Validation

An important step for every computer-assisted
surgery system is the registration between the
intraoperative instrument position and the med-
ical image used for planning. In patient-specific
instrument guides, this registration is achieved by
fitting the guide to the corresponding anatomi-
cal surface during the surgical intervention. An
accurate fit between guide and anatomy depends
on many factors, including the accuracy of the
preoperative images of the anatomy as discussed
above. Furthermore, the design of the registration
component might influence the fit of the guide.
The selected anatomical registration areas need
to be not only accurately depicted but also must
have a sufficient number of registration features.
Kwon et al. published the results of a compari-
son study between two different patient-specific
instrument guide designs for TKA and found that
minor expansions of the registration area for both
guides (femur and tibia) resulted in an improved
rotational stability of these guides. This improved
fit directly translated into better alignment of the
prosthesis components and shorter surgery times
[12]. However, an expansion to a larger regis-
tration area is not always clinically feasible or
desired. For example, increasing the registration
area of a tibial cutting guide during a TKA proce-
dure would require removal of larger parts of the
tuberosity. Such increase in invasiveness could
directly affect the recovery time of the patient.
Furthermore, larger registration areas do not nec-
essarily guarantee improved fit of the guide. A
study on patient-specific guides for hip resurfac-
ing showed an improvement in tool guidance ac-
curacy when the registration surface of the guide
was reduced [57]. In this study, articular surface
and osteophyte-prone areas were removed, which
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resulted in a decrease of depiction uncertainty.
Selection of the optimal registration surface is
currently made by researchers and technicians
manually. However, promising research in this
area could provide mathematical methods to sup-
port this part of the guide design process. Van den
Broeck et al. published an algorithm to analyse
the registration stability of guides based on the
anatomical geometry [99]. Such methods might
help to optimize guide designs preoperatively in
the future.

18.10 Summary and Conclusions

Patient-specific instrument guides are a
unique way of performing computer-assisted
orthopaedic surgeries, in which a prototype-
printed part is the navigator which links a
preoperative plan to surgical action. Similar
to other CAS systems, the guides rely on an
accurate 3D preoperative image of the affected
anatomy, a clinically optimal surgical plan, a
reliable registration procedure and a precise tool
guidance method.

Prototype technologies are currently one of
the most rapidly advancing new technologies.
Patient-specific instrument guides take advantage
of these innovations without the need to bring
new technology into the surgery room. This sim-
plifies clinical transition for these guides. For a
hospital, no great initial investments are required
to purchase equipment and/or hire technical staff.

Unlike other CAS solutions, patient-specific
instrument guides have shown to improve effi-
ciency in the surgery room, and there are good
indications that these guides can achieve cost
savings. In a time where health-care costs are
steadily rising and the number of orthopaedic
procedures is expected to multiply in coming
years, it is sensible to also evaluate the economic
benefit of new technologies.

Orthopaedic surgery and computer-assisted
orthopaedic surgery are rapidly evolving
fields, with new developments and discoveries
frequently improving current methods and
standards. Such developments include novel
prosthesis designs, new recommendations for

component positioning and new and improved
algorithms for segmentation or registration. An
advantage of patient-specific instrument guides
is a seamless integration of changes into the
clinical routine. While freehand and robotic CAS
systems often require software and/or hardware
updates to implement new or improved features,
for users of patient-specific instrument guides, no
update procedure is necessary. For these users,
evidence of change is having an improved guide
delivered to the surgery room.

Patient-specific instrument guides require
sufficient access to the registration area of the
anatomy. Therefore, for minimally invasive
procedures, patient-specific instrument guides
are not the optimal image-guided technology.
For example, the articular cartilage repair case
we presented above was chosen because of the
very large defect size. Large defects require
extensive access to harvest sites and are therefore
not candidates for arthroscopic procedures.
Consequently, patient-specific guides were an
optimal navigation method. Smaller cartilage
defects are more likely treated in an arthroscopic
manner, and freehand or robotic CAS systems
are better options for intraoperative navigation
for these cases. Another limitation in the use
of patient-specific instrument guides is the
requirement of a final preoperative planning
of instrument trajectories. In contrast, freehand
CAS systems can provide intraoperative planning
methods, which might allow the surgeon to adapt
to a situation which can only be sufficiently
judged intraoperatively.

In general, we believe that the easy integra-
tion of patient-specific instrument guides into
operating room procedures as discussed above is
a major advantage of this CAS method. How-
ever, it also makes this relatively new technol-
ogy vulnerable to an insufficient research period.
Many hospitals have adapted the technology for
TKA procedures and have published early re-
sults. Although motivation to integrate this new
method into clinical practice is encouraging, re-
sults should be seen as possible input into further
improvements and not necessarily as “make-or-
break” validation studies. Kwon et al. described
their experiences with patient-specific instrument
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guides for TKA procedures before and after small
modifications were made to the guides’ designs
and found that these small changes in the second
generation of guides significantly improved axis
alignment and surgical time [12]. Similarly, we
found that changes in the guide design for hip
resurfacing procedures improved our accuracy
from 4.5◦ [56] in the transverse plane to 2.8◦
[57]. There might not be much of a learning curve
in the application of the guide for the surgeon
and operating room team, but there might be a
learning curve for researchers and technicians in
the design of the guides. Effects of this learning
curve might only be evident in a delayed reaction
in the clinical outcome.

In conclusion, patient-specific instrument
guides provide a method to 3D plan a surgical
intervention and transfer this plan into the
surgical field in an effective, user-friendly and
time- and instrument-efficient way.
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Abstract

Cooperation between surgeon and robot is one
of the key technologies that limit the robot
to be widely used in orthopedic clinics. In
this study, the evolution of human-robot co-
operation methods and the control strategies
for typical human-robot cooperation in robot-
assisted orthopedics surgery were reviewed at
first. Then an intelligent admittance control
method, which combines the fuzzy model ref-
erence learning control with the virtual con-
straint control, is proposed to solve the re-
quirements of intuitive human-robot interac-
tion during orthopedics surgery. That is, a
variable damping parameter model of the ad-
mittance control based on fuzzy model learn-
ing control algorithm is introduced to make
the robot move freely by using the reference
model of surgeon’s motion equation with the
minimum jerk trajectory. And the virtual con-
straint control method based on the principle
of virtual fixture is adopted to make the robot
move within the pre-defined area so as to
perform more safe surgery. The basic principle

S. Kuang (�) · Y. Tang · A. Lin · S. Yu · L. Sun (�)
Robotics and Micro-Systems Center, Soochow
University, Suzhou City, Jiangsu Province, People’s
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and its realization of this intelligent control
method are described in details. At last, a test
platform is built based on our designed 6 DOF
articulated robot. Experiments of safety and
precision on acrylic model with this method
show that the robot has the ability of better in-
tuitive interaction and the high precision. And
the pilot experiment of bone tumor resection
on sawbone model shows the effectiveness of
this method.

Keywords

Human-robot intuitive interaction ·
Admittance control · Variable damping
control · Fuzzy model reference learning ·
Virtual constraint

19.1 Introduction

Robot-assisted surgery is an evolving technology
that has gained more and more attentions from
the research fields of biomedicine, engineering,
and marketing because it has the advantages of
more minimally invasive abilities with reliable
and repeatable outcomes compared with con-
ventional surgery. Robot in orthopedics surgery
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is the most popular in surgical robot research
fields as the bone has some characteristics like
metal materials and it can be easily realized
by integrating some advanced manufacturing
technologies (Miller [23]). Several commercial
robot-assisted orthopedics surgery (RAOS)
systems had been approved by the US Food and
Drug Administration (FDA) such as ROBODOC
(now TCAT, THINK Surgical, Inc.), Acrobot
(now Sculptor, Acrobot Company Ltd.), Mako
RIO (Stryker, USA), ROSA Spine (Medtech
S.A.), and SpineAssist (now Renaissance, Mzor
Robotics, Israel). The RAOS systems are the
largest number of robotic surgical systems that
FDA approved as we know from literature
reported. However, the RAOS systems have not
gained so much widespread use compared to en-
doscopic surgery robot systems, such as Da Vinci
system.

Robot in orthopedics surgery is mainly to help
surgeon to do drilling, milling, and cutting tasks
for minimized invasive surgical incision, enhanc-
ing surgical accuracy, improving surgical output
performance, and better ergonomics of surgeon.
The early RAOS systems, like ROBODOC and
CASPAR system, are active type and complete
the surgical task autonomously (Sugano [29]).
However, it was found that the highly automatic
systems bring more mental pressure in clinical
use, even though they were safer than manual
work (Hancock et al. [8]). The key to the problem
is who is in charge of the procedure: the surgeon
or the computer programmer (Baena and Davies
[1]). That is, besides good output of robotic
surgery, the issues of safety, controllability, and
usability of the system during the operation are

more important things for surgeon to choose the
robot for surgery. And surgeons want to control
the robot timely and directly to gain more safe
surgery. In general, the cooperation and interac-
tion mode between surgeon and robot is a key
point in clinical use.

From the aspect of human-robot cooperation,
the orthopedics robots are divided into passive
robots, active robots, semi-active /cooperation
robots, and teleoperation robots (Sugano [29],
Langlotz and Nolte [16], Cinquin [3]) despite
their complexity for establishing the robot
systems. Passive robots have the advantages of
safety and can be easily accepted by surgeon
from the viewpoint of human-robot cooperation
(Leung et al. [20], [32]), but the robots eventually
fail to spread to the clinical use due to the
accuracy, which is eventually guaranteed by
doctors’ manual adjustment, and it’s a time-
consuming thing (Troccaz and Delnondedieu
[32]). Active robots have always been in the
awkward situations because of the safety issue
that is doubted by surgeon during surgical
procedures. Eventually, this kind of active robots,
such as ROBODOC (Fig. 19.1a), had to adopt a
technology of compliance control for better man-
machine cooperation to fulfill the clinical need of
safety (Taylor et al. [31]). Based on this, another
type of robot was designed with the ability of
compliance control (such as BRIGIT (Maillet
et al. [21])) (Fig. 19.1b) which was used as
a positioning, supporting, and guiding tool to
enhance the safety during surgical procedures.
This type of robot is positioned in the mode
of compliant control operated by surgeon and
performs surgery in traditional mode that is

Fig. 19.1 Typical orthopedics robots. (a) ROBODOC, (b) BRIGIT, (c) Acrobot, (d) Mako RIO
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controlled by doctor under the restriction of
mechanical fixture, which is installed at the end
of the robot. It’s an acceptable design as to the
active robot in surgery.

In fact, the robot itself has the excellent ability
of motion control and high precision of trajectory
positioning. If the fixture technology is designed
by a kind of software and used to substitute
some kinds of functions of the mechanical fixture
during the operation, the robot then shall have the
flexible ability to fulfill kinds of surgery without
using different mechanical fixture. This kind
of fixture technology is called virtual fixture.
Acrobot (Jakopec et al. [11]) (Fig. 19.1c) is
such a kind of robot developed for total knee
replacement (TKR), which extends the idea
of human-robot cooperation of ROBODOC
by using compliant control during the entire
surgery procedures and combined with a so-
called hands-on method of active constraint
control algorithm [30]. It is a kind of semi-
active robot and has gained good acceptance
by many surgeons and hospitals because of the
good human-robot cooperation ability (Baena
and Davies [1]). Another semi-active robot is
Mako RIO (Kazanzides et al. [13]) (Fig. 19.1d),
which has the ability of real-time tracking and
position adjusting between the robot and the
surgical space through the navigation, which
can overcome some disadvantages of the early
semi-active machine. The system is also known
as the Tactile Guidance System (TGS) (Banks
[2] because the RIO robot has the tactile (force)
feedback during the operation of surgeons.

The development and evolution of human-
robot cooperation in orthopedics surgical
robot presented above mainly focus on the
guiding force exerted by the surgeon and the
corresponding control strategies to achieve
successful surgery with high safety (Haidegger
et al. [7]). This kind of control method that the
robot generates corresponding motion according
to the given force is called as admittance control
(Newman [24], Kwon et al. [15]). The compliant
motion control of ROBODOC (Kazanzides et
al. [13]), active constraint control of Acrobot
(Ho et al. [9]), and haptics interactive control
of Mako RIO (Quaid et al. [26]) are some
kinds of admittance control which regulate the

dynamic behavior of the robot by modifying
the parameters of virtual stiffness, damping, and
inertia of the controller (Cruces and Wahrburg
[4], Ott et al. [25]). Under this control strategy,
the surgical area is usually classified into free
zone, transition zone, and restricted zone (Ho
et al. [9], Kapoor et al. [12]). And each zone
has the different safety level according to the
requirement of operation, which is used to
regulate the gains of parameters of the admittance
control for better motion compliance and good
output performance.

Actually, the human-robot cooperation pro-
cess of the semi-active orthopedics robot is a
control process with variable admittance control
(Cruces and Wahrburg [4]). The gains of parame-
ters of variable admittance control are determined
by using experimental methods. The ROBODOC
robot proposed two kinds of damping parameter
models including linear gains and nonlinear gains
to realize the compliance motion in teach pendant
process. And the Acrobot uses constant damp-
ing parameter and variable stiffness parameter
to achieve the goal of stiffness control. On the
other hand, the human-robot cooperation models
of orthopedics robots mentioned above are a
typical interaction mode of physical human-robot
interaction (pHRI). And the current research of
pHRI is concentrating on how to adjust the vir-
tual damping, the most dominant parameters of
admittance control to achieve more intuitive in-
teraction (Ikeura and Inooka [10], Duchaine and
Gosselin [6], Lecours et al. [19]). In summary,
the performance and stability of the admittance
control are determined by how to design the
admittance control parameters (Ott et al. [25]).
And the current challenge of this method is how
to get better human-robot intuitive interaction
during the process of RAOS (Robotics [28]).

In this study, an intelligent control of human-
robot cooperation is introduced to realize the
intuitive interactive abilities of the orthopedics
robots and meet the requirements on performance
and stability during orthopedics surgery. That
is, a variable admittance control of fuzzy model
reference learning control (FMRLC) (Layne and
Passino [18]) is proposed to combine with the
technology of virtual fixture (Kwon et al. [15],
Kapoor et al. [12]). During the operation, the sur-
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geon can move the robot freely from installed po-
sition to surgical zone with the FMRLC method
for intuitive interaction under the control strategy
of dynamic behavior of human arms. The virtual
constraint based on virtual fixture is proposed
during cutting, milling, and drilling of the robotic
surgery for the better performance and stability.

19.2 Variable Admittance Control
for HRI in Orthopedics
Surgery

19.2.1 Requirement of HRI
in Orthopedics Surgery

To illustrate the requirements of HRI during
orthopedics surgery, a robotic surgery scene is
modeled as in Fig. 19.2. When the robot is ready
to perform operation after power on, the doctor
shall drag the robot from positioning point P1
that outside the surgical field to point P2 that in
the surgical Zone I. In this process, the doctor
must freely drag the robot according to surgeon’s
guiding force exerted on the end effector of
the robot. This operation process is defined as
process S1 in this study.

The surgical zone is divided into three zones,
i.e., free zone (I), transition zone (II), and forbid-
den zone (III). In Zone I, the doctor can freely

drag the robot to milling focal bone tissue with
the help of surgical navigation system. Zone II
is the transition area that needs to be milled by
the robot. Zone III is the outside space compared
to the planned surgery area. In this zone, the end
of the tool shall not reach the boundary of Zone
III for safety. So the boundary between Zone II
and Zone III (defined as critical boundary here)
is the most critical area for safety and precision.
During the operation, if the robot moves from
Zone II to Zone III, it is possible to reach Zone
III due to the shaking of human hands, which
can drop the operation precision and cause safety
issue. Therefore, the transition Zone II shall be
significantly designed to improve the surgical
precision and operational safety.

19.2.2 Admittance Control and Its
Control Strategy

Admittance control establishes a dynamical rela-
tionship between the end effector motion (posi-
tion/velocity) and force, which can provide pre-
cise motion control in the condition of high trans-
mission such as harmonic-driven robotic system.
In admittance control, the controller is admit-
tance and the manipulator is impedance (Ott
et al. [25]). The equation of the robot admittance
controller can be described as follows:

Fig. 19.2 Illustration of human-robot interaction process of robotic orthopedics surgery (a) Robotic surgical system.
(b) Surgical zone
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Md (ẍd−ẍ0)+Bd (ẋd−ẋ0) + Kd (xd − x0) = Fh

(19.1)

where Md, Bd, and Kd are virtual inertia, virtual
damping, and virtual stiffness, respectively. And
Fh is the guiding force exerted by the surgeon on
the robot. Moreover, virtual damping is the most
dominant parameter of HRI admittance control.
When the robot is not in contact with the external
environment, Md and Kd are ignored (Marayong
et al. [22]) to establish the admittance control
model based on velocity (Eq.(19.2)). Therefore,
the choice of virtual damping is the core of
variable admittance control based on velocity.

BdV = Fh (19.2)

During the operation in stage S1 (Fig. 19.2a),
the doctor drags the robot freely, that is, the
robot shall move according to the intention of
the doctor to gain the ability of intuitive inter-
action. Many researchers had proposed to use
the minimum jerk trajectory model of human
(Rahman et al. [27]) to construct the dynam-
ics control of the RHI to achieve the intuitive
HRI. Based on this, Dimeas and Aspragathos
[5] proposed a method of FMRLC to gain the
suitable damping parameter of admittance con-
trol for investigating the performance of pHRI
with linear motion. In this study, the minimum
jerk trajectory model is adopted to derive robot’s
motion equation according to the characteristic of
surgeon’s movement. Then the reference model
of FMRLC, which is called fuzzy model refer-
ence learning variable admittance control (FMR-
LVAC), is proposed based on the motion equa-
tion to get variable virtual damping parameter
model.

During the operation as in Fig. 19.2b, the
surgeon can drag the robot to move freely, but
the speed of operation in this zone is very slow
for the sake of smooth motion. However, from
Zone II to Zone III, besides the stable guiding
force, the error and tremble of the surgeon must
be considered to prevent the robot from going
in to Zone III. Under this condition, the virtual
fixture constraint model is often used to solve
this problem (Ho et al. [9], Kwon et al. [15]).
Therefore, the virtual fixture constraint model

based on admittance control is proposed here to
fulfill the requirements of operation in this stage.

19.2.3 Fuzzy Model Reference
Learning Variable Admittance
Control

19.2.3.1 Structure and Principle
of the FMRLVAC

Dimeas and Aspragathos [5] and Layne and
Passino [17] had done the great example of using
FMRLC to solve the control issue on high-order,
nonlinear, time variable of the complex system.
FMRLC shall not need to know the exact model
of the control system. The good performance of
the controller is achieved by setting up the rules
of fuzzy control based on the reference model
of experts or operators and regulating the fuzzy
rules and controller parameters through its self-
learning abilities. It’s very useful to regulate the
damping parameters of the admittance control
of the HRI. Based on these, the FMRLVAC
method is proposed in this study. The structure
of FMRLVAC is composed of five elements:
human in the loop, reference model, learning
mechanism, fuzzy controller, and the controlled
plant (robot), as shown in Fig. 19.3.

In this control system, the input of the admit-
tance controller is the guiding force Fh exerted
on the robot. The output of the controlled plant
is velocity V of the tool end of the robot, and
the output of admittance controller is velocity
Vref . The output of reference model is also a
velocity variable Vjerk. The inputs of the fuzzy
controller are Fh and V, while the output of the
fuzzy controller is damping parameter Bd, which
is also the input of the admittance controller.
The learning mechanism, one part of this control
system, includes knowledge-base modifier and
fuzzy inverse model. The input of the fuzzy
inverse model is error ye, and the rate of change
of the error yc, ye denotes the error between the
output of the reference model and the output
of the controller plant. The output of the fuzzy
inverse model is p, which denotes the modified
value of the knowledge base. The output of that
is Cm, which is used to modify the damping
parameters of the admittance control.
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Fig. 19.3 Structure of the FMRLVAC

The fuzzy control system outputs Bd by using
fuzzy inference according to the input of Fh and
V. The learning mechanism acquires a corrected
value p according to the error ye and the rate of
change of the error yc. The knowledge base is
modified by p, which makes the system deviation
ye quickly approach zero.

19.2.3.2 Design of the Fuzzy Controller
The input of the fuzzy controller is Fh(KT) and
the velocity V(KT) of the robot movement, where
T denotes the sampling period in the discrete
time domain. The output of the fuzzy controller is
damping parameter Bdof the admittance control.
A multiple-input and single-output (MISO) fuzzy
controller is used here, whose reasoning rules are
set as the following form:

If
∼
Fh1 is A

j

1 and · · · ∼
Fhs is Ak

s and
∼
V 1 is Dl

1 and · · · ∼
V s is Dm

s

Then
∼
Bdn is Ej,...,k,l,...,m

n (19.3)

where
∼
Fhb and

∼
V b(b = 1, . . . ,s) denote the lin-

guistic variables associated with fuzzy controller

inputs Fh and V, respectively.
∼
Bdn denotes the

linguistic variable associated with the fuzzy con-

troller output Bd, Aa
1 and Da

1 denote the ath

linguistic value associated with
∼
Fh1 and

∼
V 1,

and E
j,...,k,l,...,m
n denotes the consequent linguistic

value associated with
∼
Bdn. So fuzzy implication

relation of MISO system can be expressed as

Rj,...,k,l,...,m
n =

(
A

j

1× · · ·Ak
s

)
× (19.4)

(
Dl

1× · · · × Dm
s

) × Ej,...,k,l,...,m
n

The MISO fuzzy control system fuzzy relation-
ship is

Rn = ∪j,...,k,l,...,mRj,...,k,l,...,m
n (19.5)

Assuming that the maximum and minimum
values of force Fh are Fmax and Fmin, respectively,
the maximum and minimum values of speed V
are Vmax and Vmin, and the values of Fh and V
are, respectively, in their domain [Fmin, Fmax]
and [Vmax, Vmin] are divided into nine levels,
i.e., Fh and V consist of nine triangular-shaped
membership functions, respectively. The input
fuzzy sets are as follows:

∼
Fhb = {−4, −3, −2, −1, 0, 1, 2, 3, 4} (19.6)

∼
V b = {−4, −3, −2, −1, 0, 1, 2, 3, 4} (19.7)
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Table 19.1 The initial rules of fuzzy controller
∼
Fhb

∼
Bdn 4 3 2 1 0 1 2 3 4
∼
V b 4 1 1 2 2 3 3 4 4 5

3 1 2 2 3 3 4 4 5 4

2 2 2 3 3 4 4 5 4 4

1 2 3 3 4 4 5 4 4 3

0 3 3 4 4 5 4 4 3 3

1 3 4 4 5 4 4 3 3 2

2 4 4 5 4 4 3 3 2 2

3 4 5 4 4 3 3 2 2 1

4 5 4 4 3 3 2 2 1 1

Assuming that the maximum and minimum
values of admittance Bd are Bdmax and Bdmin,
respectively, Bd is divided into five fuzzy subsets
on its domain [Bdmin, Bdmax] as the following
fuzzy sets:

∼
Bdn = {1, 2, 3, 4, 5} (19.8)

And the selected rules form a complete and
consistent rule base, meaning that there is a valid
conclusion for every possible input.

Fuzzy controller rules can be explained by the
following sentences:

• If force is high (−4or4) and velocity is high
(−4or4), then damping is very low (1).

• If force is middle (−2or2) and velocity is
middle (−2or2), then damping is middle (3).

• If force is low (0) and velocity is high (0), then
damping is very high (5).

The complete set of control rules for the fuzzy
controller is shown in Table 19.1.

19.2.3.3 Reference Model
Vjerk denotes the output value of the reference
model. The minimum jerk trajectory minimizes
the change in acceleration of the motion of the
human arm. According to reference (Rahman
et al. [27]), this model can be obtained by the
following formula:

X (τ) = X0 + (
Xf − X0

)

(
Aτ 5 + Bτ 4 + Cτ 3 + Dτ 2 + Eτ

)

(19.9)

where τ is the normalized value of moving time,

τ = t
/

t f
, 0 ≤ τ ≤ 1, and X0 and Xf are the

initial and final positions, respectively. A, B, C,
D, and E are all the constant.

By differentiating the above equation, the fol-
lowing equation can be obtained:

Vjerk = dX(t)

dt
(19.10)

The error between the reference model and the
output value of the controlled object is

ye(KT ) = Vjerk − V (19.11)

As long as the learning mechanism can satisfy
ye(KT) ≈ 0 at t ≥ KT, it is considered that
the ideal behavior of the controlled object has
arrived, and the learning mechanism will not
make any big adjustment to the parameters of the
fuzzy controller.

19.2.3.4 Design of Fuzzy Learning
Mechanism

The input of the fuzzy inverse model is

{
ye(KT ) = Vjerk − V

yc(KT ) = (ye(KT ) − ye (KT − T )) /T

(19.12)

The output is P(KT). Similar to the fuzzy
controller, the knowledge base of fuzzy inverse
model can be expressed by fuzzy rules (where
n = 1, ..., r):

If Yj
e1 and · · · Yk

es and Yl
c1 · · · and Ym

cs

Then Pj,...,k,l,...,m
n

where Y b
ea and Y b

ca denote the bth linguistic value
associated with yea and yca. P

j,...,k,l,...,m
n denotes

the consequent linguistic value, which reflects the
adjustment of the fuzzy controller output value.



252 S. Kuang et al.

Table 19.2 Fuzzy inverse control rules

Yc

P −5 −4 −3 −2 −1 0 1 2 3 4 5

Ye −5 1 1 0.8 0.8 0.6 0.6 0.4 0.4 0.2 0.2 0

−4 1 0.8 0.8 0.6 0.6 0.4 0.4 0.2 0.2 0 −0.2

−3 0.8 0.8 0.6 0.6 0.4 0.4 0.2 0.2 0 −0.2 −0.2

−2 0.8 0.6 0.6 0.4 0.4 0.2 0.2 0 −0.2 −0.2 −0.4

−1 0.6 0.6 0.4 0.4 0.2 0.2 0 −0.2 −0.2 −0.4 −0.4

0 0.6 0.4 0.4 0.2 0.2 0 −0.2 −0.2 −0.4 −0.4 −0.6

1 0.4 0.4 0.2 0.2 0 −0.2 −0.2 −0.4 −0.4 −0.6 −0.6

2 0.4 0.2 0.2 0 −0.2 −0.2 −0.4 −0.4 −0.6 −0.6 −0.8

3 0.2 0.2 0 −0.2 −0.2 −0.4 −0.4 −0.6 −0.6 −0.8 −0.8

4 0.2 0 −0.2 −0.2 −0.4 −0.4 −0.6 −0.6 −0.8 −0.8 −1

5 0 −0.2 −0.2 −0.4 −0.4 −0.6 −0.6 −0.8 −0.8 −1 −1

Fuzzy inverse controller rules can be
explained by the following sentences:

• If ye is zero and yc is zero, then P is zero.
• If ye is positive and yc is positive, then P is

negative.
• If ye is negative and yc is negative, then P is

positive.

The complete set of control rules for the fuzzy
controller is shown in Table 19.2.

The relationship between learning mechanism
and fuzzy controller is

Cm(KT ) = Bd (KT − T ) + P(KT ) (19.13)

where Cm(KT) is the modified value of Bd.
Assume that some uniformly partitioned

membership functions are defined in the domain
of the output variable of the Fuzzy Controller.
Use C

j,...,k,l,...,m
m (t) to represent the central

value of the fuzzy set E
j,...,k,l,...,m
n membership

function.
The degree of contribution for a particular

fuzzy implication whose fuzzy relation is de-
noted R

j,...,k,l,...,m
n determined by its “activation

level”, defined as

δ
j,...,k,l,...,m
n t = min

{
m

A
j

1

(
F̃h1(t)

)
, . . . , mAk

s

×
(
F̃hs(t)

)
, m

D
j

1

(
Ṽ1(t)

)
, . . . , mDk

s

(
Ṽs(t)

)}

(19.14)

Where mB denotes the membership function
of the fuzzy set B.

Only those rules whose activation level
δ

j,...,k,l,...,m
n (kT − T ) > 0 are modified, The

rest do not change.

19.2.4 Virtual Constraint Model for
Admittance Control

19.2.4.1 Linear Gain of Admittance
Control

During the operation in surgical zone (Fig. 19.2
b), the doctor performs operation very slowly
and carefully. After investigation of the doctor’s
manual operation, it is found that the surgeon’s
motion is at almost a constant speed and with
less force changing. In this condition, a linear
admittance controller with constant damping pa-
rameter can fulfill the operation’s needs of HRI
(Eq.(19.15)).

In order to prevent too fast velocity of the
robot from overload force exerted by the surgeon,
the threshold of the guiling force is set and
defined as Fmax. And the dead zone of guiding
force is also considered as Fdz to prevent over
sensitive of the force sensor.

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

BdV = −Fmax Fh ≤ − (Fmax + Fdz)

BdV = Fh+Fdz − (Fmax+Fdz) <Fh ≤ −Fdz

BdV = 0 −Fdz < Fh < Fdz

BdV = Fh − Fdz Fdz ≤ Fh < (Fmax + Fdz)

BdV = Fmax Fh ≥ (Fmax + Fdz)

(19.15)
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Fig. 19.4 The illustration of virtual constraint

19.2.4.2 Virtual Constraint Control
Strategy

The surgical zone is an irregular 3D shape, but
surgeon always removes materials layer by layer
like material cutting in mechanical engineering.
Based on this, the virtual constraint can be de-
signed by different 2D models in different layers.
Thus the virtual constraint model in 2D space can
be illustrated in Fig. 19.4.

In Fig. 19.4, ϕ is the restrained boundary
curve, d is the distance from the restrained
boundary to the inner boundary, Ptool is the
position of the end of the robot, and Pmin is
the nearest point from Ptool to curve ϕ. The
guiding force Fh can be decomposed into two
components along the directions of tangent
and normal of Pmin in curve ϕ.In this area, the
admittance control in Eq. (19.2) can be written as

BdV = Fτ + Fn (19.16)

Because the movement of robot in normal
direction may cause safety problems, it is neces-
sary to correct the normal direction component of
the guiding force. Here the correction coefficient

cn(∈[0, 1]) is introduced, and then Eq.(19.16) can
be written as follows:

BdV = Fτ + cnFn (19.17)

In region I, cn is set to be 1 to ensure robot
moves freely according to surgeon’s guiding
force. In region II, cn is defined as a liner model
to prevent robot from moving out of the critical
boundary. In region III, cn is set to be 0. Thus the
cn can be described as follows:
⎧
⎪⎪⎨

⎪⎪⎩

cn = 1 Ptool ∈ �I or (Ptool ∈ �II and
Fh · n > 0)

cn = 1 − x/d Ptool ∈ �IIand Fh · n ≤ 0
cn = 0 Ptool ∈ �III

(19.18)

where x is the distance in the normal direction
between the inner boundary and the robot.

It is more safe to operate in the tangential
direction than that in normal direction. The al-
gorithm used in this study was proposed by
Marayong et al. (Marayong et al. [22]).

19.3 Experiments and Results

An experiment platform is built to verify the pro-
posed intelligent control method of variable ad-
mittance control combined with virtual constraint
for robotic orthopedics surgery, as in Fig. 19.5.
The robot is developed by the authors for ortho-
pedics surgery named iSA (intelligent Surgical
Assist). An optical tracking device (NDI Polaris
Spectra, North Digital Inc., Canada) is used here
to get the poses (positions and orientations) of
the surgical tool at the end of the robot iSA and
surgical object (sawbone) by using two position
trackers. Thus it is easy to get the pose relation-
ships between robot iSA and the surgical object.
All the following experiments are based on this
platform.

19.3.1 Experiment on FMRLVAC

19.3.1.1 Reference Model
In this study, the experimental platform
(Fig. 19.6) based on Fig. 19.5 is established to
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Fig. 19.5 (a) NDI Polaris
Spectra optical tracking
device. (b) Robot control
system. (c) Robot for
orthopedics surgery. (d)
Position tracker. (e)
Surgical tool. (f) Sawbone.
(g)Test table

Fig. 19.6 Testing platform for reference model experiments (a) Human movement. (b) Robot movement

obtain the surgeon’s reference motion features.
Assuming Points A and B here are Points
P1 and P2 in Fig. 19.2 a, respectively, the
surgeon’s moving time and position are tracked
and recorded in an interval of 10 ms with the
help of NDI optical tracker. After conducting
experiments repeatedly, the reference motion
model is fit based on the records. In the
experiments, the distance of AB is 450 mm.

The operating data of five interns are col-
lected for this experiment. Each subjects oper-
ated 10 times and total 50 sets of experimental
data are obtained. Firstly, the operating time of
every intern is counted by calculating average
value and standard deviation (Table 19.3), and
the time data are normalized to range of 0 to
1. Since this study only studies the motion in
a plane, the equation of plane position and τ

Table 19.3 Average operator time and standard devi-
ation

No. Average time T (ms) Standard deviation σ (ms)

1 5605 60.95

2 5493 64.97

3 5312 56.47

4 4997 79.75

5 5583 68.26

can be deduced from the minimum jerk model
(Eq.(19.19)).

⎧
⎪⎪⎨

⎪⎪⎩

x (τ) = x0 + (
xf − x0

)
(
a0 + a1τ + a2τ

2 + a3τ
3 + a4τ

4 + a5τ
5
)

y (τ) = y0 + (
yf − x0

)
(
b0 + b1τ + b2τ

2 + b3τ
3 + b4τ

4 + b5τ
5
)

(19.19)
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In the experiment, A and B denote the initial
position and the end position of the movement.
The experiment only studies the point-to-point
movement of A to B, so the connection between
A and B points is taken as the x-axis that can get
the following formula:

x (τ) = x0 + (
xf − x0

)

(
a0+a1τ+a2τ

2+a3τ
3+a4τ

4+a5τ
5
)

(19.20)

Here, x0 = 0, xf = 450mm. Then the motion
reference model is fitted by the data collected
above, the formula Eq.(19.21) is obtained, and
the fitting curve is shown in Fig. 19.7.

x (τ) = x0 + (
xf − x0

)

(
0.25τ + 4.79τ 2 − 7.71τ 3 + 6.38τ 4 − 2.22τ 5

)

(19.21)

19.3.1.2 Offline Training
The main purpose of the surgeon collaborating
with robot during the process S1 is to let robot go
into the surgical zone with high safety. It is not
a high-precision work and just follows the sur-
geon’s motion with intuitive interaction. So the
variable damping parameters can be determined
through offline training. The training process and
the scene are the same as that of the reference
model, except that the surgical robot is used
to assist the surgeon (Fig. 19.6b). The training
processes are as follows:

A Input and Output
Fuzzification

The variable range of each input and output
must be determined before fuzzification. Fh is
the input of fuzzy controller and fuzzy inverse
model in FMRLVAC. First, the range of the
Fh is determined by the testing of five interns,
who are selected to test how much force they
expected to apply on the robots. It is found that
the appropriate range is 3 ∼ 5 N, and the largest
force of Fh can hardly be over 7 N. Considering
the inverse force, the Fh range is set at [-7 N, 7 N].
The range of velocity, which is in [−150 mm/s,

150 mm/s], is gotten from the reference model. ye

and yc in the fuzzy inverse model are determined
by the change rate relative to that in the reference
model.

Bd is the output of the fuzzy controller. The
range of Bd also can be acquired from tests above.
By accumulating many experiments, the range
of Bd can be obtained that is in [0.05 N.s/mm,
0.5 N.s/mm].

The fuzzy sets are defined for each controller
input and output such that the membership func-
tions are triangular shaped and evenly distributed
on the appropriate universes of discourse.

B Training on the RHI Task

According to the reference model, the minimum
jerk model was trained into the fuzzy controller.
The subject collaborated with the robot to move
from the starting point A to the end point B
for the adaptation process. During the move-
ment, the fuzzy controller constantly calculates
a corresponding damping according to the cur-
rent velocity and force. The learning mechanism
measures the deviation ye from the minimum jerk
trajectory.

The training is finished until the subject can-
not feel any change of the performance improve-
ment. The trajectories of the 1st, 15th, and 30th
training were analyzed shown in Fig. 19.8.

The four curves in Fig. 19.8 are the motion tra-
jectories of the human-robot motions according
to the minimum jerk model movement. It can be
found that the motion trajectory is very close to
the trajectory of the minimum jerk model after 30
times training. The maximum error emax between
the 1st curve and the 30th curve is at τ = 0.67,
and the maximum error emax ≈ 16.64mm.

19.3.2 Simulation on Virtual
Constraint Control

19.3.2.1 Coefficients of Linear Gain
Admittance Control

According to the range of guiding force tested
above, the maximum operating force of the doc-
tor is set at 5 N to ensure safety, which is
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Fig. 19.7 Minimum jerk model equation of motion fitting curve

Fig. 19.8 Trajectories of
training during operation
during process S1
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Fmax = 5, and the dead zone operating force is set
at 0.5 N, i.e., Fdz = 0.5, to prevent the sensor from
overly sensitive and the inadvertent operation of
surgeon.

In addition, the velocity of doctors moving
the surgical tools in surgical zone is recorded
through observing conventional bone resection
surgery, and it is less than 10 mm/s under normal
condition.

Let V = 10mm/s, Fh = 5N, and put them into
Eq.(19.2), and then get Bd = 0.5N · s/mm. Now
Eq.(19.15) transforms to the following:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

V = −10 Fh ≤ −5.5

V = 2 (Fh + 0.5) −5.5 < Fh ≤ −0.5

V = 0 −0.5 < Fh < 0.5

V = 2 (Fh − 0.5) 0.5 ≤ Fh < 5.5

V = 10 Fh ≥ 5.5
(19.22)

The velocity-force curve of the linear gain
admittance control is shown in Fig. 19.9.
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Fig. 19.9 The
velocity-force curve of
linear gain admittance
control in surgical zone
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19.3.2.2 Simulation on Virtual
Constraint Control Strategy

Three types of force model for simulation and a
real force exerted during experiment are carried
out to find out how the velocity of the robot varies
under the guiding force in the normal direction.
In Fig. 19.4 the distance d of virtual constraint
is set to 5 mm. Assume that the value of guiding
force at the starting point is 3 N, and the value of
guiding force eventually reaches to 7 N at the end
point. The velocity slows down as the guiding
force increases and then the surgeon feels the
increased discomfort.

In addition, the increase of force is assumed as
a kind of linear, square, or third power function
of distance, respectively, in this study, which is
used to verify the convergence of the speed at the
critical boundary. Table 19.4 lists the force func-
tion defined here for simulating. Result shows
that the velocity converges to zero, as shown in
Fig. 19.10.

At last, the actual experiment on this control
strategy is also shown in Fig. 19.10. It shows that
the Cartesian velocity of the robot can converge
to zero when reaching the restrained boundary no
matter how the guiding force changed.

Table 19.4 Simulation force for virtual constraint on
normal direction

Simulation
Force simulation model related to
distance (N)

1 Fn = 3 + (0.8 ∗ x)

2 Fn = 3 + (0.4 ∗ x)2

3 Fn = 3 + (0.31748 ∗ x)3

19.3.2.3 Virtual Constraint Control
Testing with Acrylic Model

Tests on the efficiency of virtual constraint con-
trol are shown in Fig. 19.11. Three different
zones are designed in acrylic board model, and
a NDI position tracker is installed onto it to
determine the relationship between position of
robot and the acrylic board. Then the milling
experiment is done under the guidance of the
interns.

In this kind of experiments, the width of re-
gion II is designed to 5 mm. The starting point
of the robot is set at Point A in Zone I. First, the
operator drags the robot from the region I into
the region II to reach to the restrained bound-
ary. Then the operator drags the robot around
the restrained boundary with the outward force.
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Fig. 19.10 Simulation of
convergence of the speed
by virtual constraint on
normal direction
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Fig. 19.11 Test of virtual constraint of the RHI control
with acrylic model

At last, the operator drags the robot across ev-
ery region repeatedly. During the operation, the
position in the target coordinate system of the
robot’s end is recorded by the NDI tracking
device shown in Fig. 19.5, and the trajectory is
shown in Fig. 19.12. The trajectory is divided
into three corresponding sections: AB, BC, CD
for different motion tests.

Errors were calculated relative to the critical
boundary in sections BC to verify the actual
performance of virtual constraint control. The

average error was 0.439 mm, and the root mean
square error was 0.348, with the maximum er-
ror of 0.612 mm. We can know that the preci-
sion of the system can meet the actual surgical
needs.

The guiding force is also recorded by a
force/torque sensor. Figure 19.13 shows the
magnitude of the guiding force and robot’s
velocity in tangential direction and normal
direction, respectively.

In Fig. 19.13, Fn is the actual guiding force
applied in the normal direction by the operator,
and cnFn is the guiding force in normal direction
which restricted by virtual constraint.

In Fig. 19.14, comparing the velocity and
force of AB section in Zone II, it is found that af-
ter entering Zone II, the force increases obviously
at start, but the velocity of the robot decreases
and eventually converges to zero. Therefore, the
virtual constraint algorithm is stable and feasible
for surgical robots.

19.3.3 Pilot Study on Sawbone
Femur Model

Robotic assist is very useful in bone tumor re-
section surgery because of the highly cutting
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Fig. 19.12 Acrylic model for virtual constraint testing
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Fig. 19.13 Guiding force and velocity recorded

precision needed for the convenient of prosthesis
implantation. Khan et al. had conducted the pilot
study on bone tumor resection with Mako RIO
robot (Khan et al. [14]).

In this study, the bone tumor cutting platform
is build up as in Fig. 19.5. The operation pro-
cesses are the following:

1. A position tracker is installed onto the saw-
bone for establishing the position relationship
with the robot.

2. The focal bone area that must be cut
was marked out on the sawbone (Fig.
19.15a). Then the positions of the marked
area’s boundary on the sawbone surface
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Fig. 19.14 Convergence
of the velocity to critical
boundary with virtual
constraint
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Fig. 19.15 The Results of the Bone Milling Experiments
on Sawbone. (a) Mark the focal bone area. (b) Collecting
the positions of the boundary on the sawbone. (c) Virtual

constraint planned from the surface 3D model. (d) Per-
forms the operation. (e) Result of the bone cut.

were sampled by the NDI tracking device
(Fig. 19.15b).

3. The surface 3D model is reconstructed by the
tracked points. And the virtual constraint is
planned layer by layer from the surface 3D
model (Fig. 19.15c).

4. At last, the surgeon performs the operation
with the assist of robot (Fig. 19.15d).

5. Result of the bone cut by using the intelligent
control method we proposed (Fig. 19.15e).

Three tests were done on sawbones to ver-
ify the effectiveness of this intelligent control
method, and the results were shown in Fig. 19.15.
It can be concluded that the method we proposed
is useful for bone cutting in orthopedics surgery.
More tests shall be done to obtain the effective

data for evaluating the robotic surgical system in
the future.

19.4 Conclusions

In this study, an intelligent admittance control
method is proposed based on fuzzy model ref-
erence learning control that combined with the
virtual constraint control according to the re-
quirements of human-robot interaction during
orthopedics surgery. The main purpose of this
study is to solve the issues of intuitive interaction
between surgeon and surgical robot and to fulfill
the needs of more compliance, more safety, and
high precision during robotic surgery. Prelimi-
nary experiments show that the proposed method
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is a useful solution based on surgeon’s guiding
force.

Nevertheless, developing a robotic system for
surgery is a challenging work. A suitable surgical
navigation system shall be integrated into this
robot system later for performing more practical
test, such as test on animal or cadaver bone. And
more data shall be collected for further analysis
to validate the effectiveness and performance of
the surgery performed by robot assisted.

On the other hand, the robot in surgery has
the trend of more and more instrumentalization
for easy using. Accordingly, the better interactive
ability between surgeon and the robot is a key
factor for surgeon to select the robot in the future.
A good interactive method or useful control strat-
egy will make the robot more easily acceptable
in practice. Maybe to model the robots’ behavior
based on that of humans’ is a good method to
solve this kind of issues.
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on Force Information
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Abstract

The lumbar spinal stenosis (LSS) is a kind
of orthopedic disease which causes a series
of neurological symptom. Vertebral lamina
grinding operation is a key procedure in de-
compressive laminectomy for LSS treatment.
With the help of image-guided navigation sys-
tem, the robot-assisted technology is applied
to reduce the burdens on surgeon and improve
the accuracy of the operation. This paper pro-
poses a multilevel fuzzy control based on
force information in the robot-assisted decom-
pressive laminectomy to improve the quality
and the robotic dynamic performance in surgi-
cal operation. The controlled grinding path is
planned in the medical images after 3D recon-
struction, and the mapping between robot and
images is realized by navigation registration.
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Multilevel fuzzy controller is used to adjust
the feed rate to keep the grinding force sta-
ble. As the vertebral lamina contains different
components according to the anatomy, it has
different mechanical properties as the main
reason causing the fluctuation of force. A
feature extraction method for texture recog-
nition of bone is introduced to improve the
accuracy of component classification. When
the inner cortical bone is reached, the feeding
operation needs to stop to avoid penetration
into spinal cord and damage to the spinal
nerves. Experiments are conducted to evaluate
the dynamic stabilities of the control system
and state recognition.

Keywords

Decompressive laminectomy · Surgical
robot · Multilevel fuzzy control · State
recognition

20.1 Introduction

Lumbar spinal stenosis (LSS) is the most com-
mon spinal disease in older individuals, which
will cause pain and numbness in the lower limbs
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Fig. 20.1 The
laminectomy operation

[2, 32]. And it is one of the most common reasons
to perform spinal surgery at an advance age
[37]. Laminectomy is an effective operation for
severe cases [13], and vertebral lamina grinding
is the key procedure of this operation. Figure 20.1
shows the operation of laminectomy. It requires
an experienced surgeon hands grinding instru-
ment to mill out slots with the help of navi-
gation equipment until an acceptable thickness
is removed from vertebral lamina to release the
pressure on the spinal nerve. However, the long-
time operation can cause surgeon tired and hands
trembling, which will bring the risk of harming
the vital tissues. For the vital arteries and nerves
distributed in spinal canal [31], any damage to
these tissues would cause irreparable side effects
to the patients, such as long-time pain, paralysis,
and death. Although the application of piezo-
surgery in laminectomy reduces the invasiveness,
it has a high maintenance cost. For these rea-
sons, the robot can be used to assist surgeons
to complete the grinding operation quickly with
ensuring the accuracy and safety.

In order to achieve high-quality operation, a
few techniques are applied in clinical-assisted
robot including the image-based navigation dy-
namic and safety control [1]. Navigation sys-
tem just like the robot’s eyes which guided it
completes planned operation at planned location.
Since 1995, the first report on the successful clin-
ical application is an image navigation system for

pedicle screw placement in the lumbar spine [21,
22], after which the image-based navigation has
a great development in minimally invasive spinal
surgery [39]. This technology helps surgeons
perform surgeries in a limited space. The virtual
fluoroscopy and CT-based and 3D fluoroscopy-
based strategies are often used in image guid-
ance [11]. Virtual fluoroscopy can provide in-
traoperative images, which is usually applied in
computer-assisted orthopedic surgery [10, 23].
However, it has the limitation that the patient and
surgeons will be affected by X-ray radiation for
many times. The 2D/3D registration, such as the
registration of intraoperative X-ray images and
preoperative CT, is a main procedure in image-
based navigation to build the mapping between
patients and medical images. The intensity-based
or feature-based registration algorithm is a very
common method as the condition of similarity
metrics. The former is mostly adopted because
of its higher identification for the anatomical
structures with less invasiveness in spinal surgery
[19, 20]. Siddon, R L [30] proposed a fast cal-
culation algorithm for exacting radiological path
for a three-dimensional CT array, which raises
the efficiency of the DDRs. Jacobs, Filip et al.
[36] improved Siddon’s algorithm, resulting in a
considerable speedup. Russakoff [26] and Chen
[4] et al. improved the computational efficiency
for the automatic registration of orthogonal X-ray
images with volumetric CT data. Luan et al. [18]
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proposed a 3D navigation and monitor method
for spinal grinding operation, which alerts the
surgeon to stop operation before penetrating the
lamina.

Although image navigation technology has
enough accuracy applied in clinical environment,
there is a long learning curve for surgeons to
accomplish. The minor inaccuracies in the han-
dling might translate into major surgical errors.
The reference paper [39] shows that the ac-
curacy may be lost in the interaction between
surgeons and the image-guidance system because
of the deformation of the spine and other fac-
tors. However, robot and image-guidance system
can exchange data with a high accuracy and
efficiency.

Recently, more and more attention has been
paid on robot-assisted spinal surgery with the
image-based navigation system. Kwoh et al. [14,
15] originally combined navigation and industry
robot PUMA200 to discuss experiments for the
future high-technology neurosurgical stereotac-
tic procedures, which opened a new research
direction of robot in medical field. Sautot et
al. [27, 28] firstly applied the image navigation
system to guide a PUMA260 which hands a laser
emitter to assist the surgery accomplish pedi-
cle screw placement along planned path. Taylor
et al. [38] developed an image-directed robotic
system to augment the performance of human
surgeons in surgery. Shoham et al. [29] developed
a miniature robot for the surgical procedure,
which can guide the path of the pedicle with
a few intraoperative fluoroscopic X-ray images.
The SPINEBOT robot is designed by Chung
et al. [5–7], which can be planned in three di-
mensions. The new version SPINEBOT V2 can
detect the patient and instrument positions by
processing the fluoroscopic images with 2D/3D
registration algorithm. Yen et al. [43, 44] came
up with a CT-free surgical planer for the knee
replacement which uses the probe to measure
specific anatomical features positions under an
optical tracking device to generate the cutting
boundary. Sugita et al. [35] used the sculpted
joint surface to fit the shape of an artificial joint,
and the grinding path was planned preoperatively

by setting the instrument path data in discrete
coordinates. Inoue et al. [12] developed a robotic
system for total knee arthroplasty, which can
transfer the CT series images to 3D model to
plan grinding path in the CAM system. However,
the related studies of vertebral lamina are still
scarce.

For the vertebral lamina, there are irregular
surface and different tissues constraints. There-
fore, the grinding procedure always requires dy-
namic control to enhance the system stability.
Sugita et al. [12, 33, 34] developed a force
control system for grinding operation. Yen et al.
[43, 44] proposed an impedance force control
between the robot and the surgeon to maintain the
safety, stability, and accuracy in bone resection
process. Inoue et al. [12] developed a robotic-
assist system for knee arthroplasty which can
estimate the bone hardness to adjust the feed rate.
Deng et al. [8] proposed a grinding force con-
trol based on fuzzy logic controller, which can
shorten the grinding time and stabilize the con-
tact force. Fan et al. [9] designed a closed-loop
system to control the feed velocity based on force
signals.

This paper presents a new interactive method
to achieve robot-assisted vertebral lamina grind-
ing operation with high accuracy, efficiency, and
safety. The mapping between the image and real
spaces is established by registration algorithm,
and a rapid planning method based on BSP tree
in 3D image is proposed. The fuzzy controller is
designed to control the robot motion state to keep
the system have a good dynamic performance. A
feature extraction method for bone texture classi-
fication is proposed to improve the classification
accuracy.

The rests of the paper are organized as
follows. Section 20.2 illustrates the registration
and grinding trajectory planning. Section 20.3
proposes an adaptive fuzzy logic controller
for grinding control, and the experiments are
applied to test its effect. The bone texture feature
extraction method is introduced in Sect. 20.4, and
its effect with original feature for bone texture
classification based on SVM is contrasted.
Section 20.5 is the conclusion.
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20.2 Grinding Path Planning
and 2D/3D Registration

In order to achieve the automated grinding proce-
dure by robot and guarantee the grinding quality,
a well preoperative planning is essential. For
the decompressive laminectomy, robot needs to
follow a pre-planned path to finish the operation.
A grinding path generator is proposed which
generates path based on the surface outline of
the vertebral lamina in the reconstructed model
from volumetric data. The planned path data
can be transformed to the coordinate system of
the robot by 2D/3D registration to navigate the
robot to accomplish precise grinding. When the
grinding is finished, the remainder bone will keep
uniform thickness because the grinding path is
parallel with the spinal canal wall, which ensured
the grinding instrument do not penetrate into the
spinal and damage the spinal nerve.

20.2.1 Grinding Path Generator

For robot-assisted operation, the grinding area
should be well planned with image information.
The interactive software is designed for this func-
tion. By this software, one 3D model of the spinal
bone can be reconstructed based on CT series
images. Surgeon adjusts the interactive box to set
the operating area as shown in Fig. 20.2.

As shown in Fig. 20.3, the upper (outer cortex)
and lower (inner cortex) surfaces are marked by
discrete points calculated by ray casting and BSP
tree methods. They will generate a set of grids
with n points and the length-width ratio of grid
region is t. w is the number of points located
on short edge, l is the number of points located
on long edge, which satisfy n = w × l and
t = l/w. Therefore, w and l are calculated from
the formula (20.1):

⎧
⎨

⎩
w =

⌊√
(t−1)2+4nt−t−1

2t

⌋

l = ⌊
n

w+1

⌋ − 1
(20.1)

The red points PD in the inner wall of spinal
canal are used to interpolate the trajectory and
generate a security layer to constrain the mo-
tion of the robot. For improving the grinding
efficiency, a series of points is filtered out to
prevent grinding in invalid area above the green
points PU. The point-sets of PD and PU can be
expressed as follows:

PU :
⎛

⎜⎝
pu11 . . . pu1l

...
. . .

...

puw1 · · · puwl

⎞

⎟⎠ (20.2)

PD :
⎛

⎜⎝
pd11 · · · pd1l

...
. . .

...

pdw1 · · · pdwl

⎞

⎟⎠ (20.3)

Fig. 20.2 The grid of points of grinding region
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Fig. 20.3 The upper and lower points on vertebral lamina

Based on the point-sets of lower surface, a
security constraint layer of points PD’ expressed
as the formula (20.4) is generated, which is also
the last layer needed to be milled.

PD′ :
⎛

⎜⎝
pd11

′ . . . pd1l
′

...
. . .

...

pdw1
′ · · · pdwl

′

⎞

⎟⎠ (20.4)

The coordinates of the point-sets can be ob-
tained by the formula (20.5) as follows:

pdij
′ = pdij + Zsafe · ep,

i ∈ [1, 2, . . . , w] , j ∈ [1, 2, . . . , l]

(20.5)

where Zsafe is the safety margin and ep is the
projection unit direction vector.

Then the k-th layer’s cutting point-sets PCk

can be calculated from the formulas (20.6) and
(20.7):

PCk :
⎛

⎜⎝
pc11

k . . . pc1l
k

...
. . .

...

pcw1
k · · · pcwl

k

⎞

⎟⎠ (20.6)

pcij
k = pdij

′ + k · Zfeed · ep (20.7)

where Zfeed is the depth of the feed.

Well, the generated grinding path points con-
tain some invalid points, which must be filtered
out when Tij

k < 0, where Tij
k is the discrimination

function whether the point is valid or not, which
is calculated as follows:

Tk
ij = sgn

((
puij − pcij

k
) · ep

)
(20.8)
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Fig. 20.4 The generated and filtered path with 36 points per layer

Keep pdij
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Path points generator
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Fig. 20.5 Progress of grinding path generator

Finally, the generated and filtered path with at
least 36 points per layer is shown in Fig. 20.4,
and BSP tree is used to generate these balls to
search the intersection between the cast ray and
the image data with only one pixel thickness. The
blue ones are invalid points and the yellow ones
are the layers of path points reserved.

From the above, the progress of grinding path
generator is shown in Fig. 20.5, which is based
on the surface outline of the vertebral lamina in
the reconstructed model from volumetric data.
The planned path data can be transformed to

the coordinate system of the robot by 2D/3D
registration to navigate the robot to accomplish
precise grinding.

20.2.2 2D/3D Registration for
Grinding Navigation

The preoperative CT images have higher resolu-
tion and contain 3D information, but 2D X-ray
images are often used to position the grinding
instruments during operation. And the planned
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Fig. 20.6 The procedures
of 2D/3D registration Pre-operative

CT Volume
Intraoperative X-ray 

images

Pose

DRR Generation

Powell

Optimization

DRR image

Value

Similarity Measurement

data are under the coordinate system of the CT
volume. Therefore, registration is needed to make
sure 3D information can be used during the oper-
ation. The CT and X-ray images contain different
dimension information, so we need to calculate
the simulated X-ray projection images called
digitally reconstructed radiographs (DRRs). And
then, the maximum intensity projection (MIP)
can be used to get the DRRs, which has high
resolution to bone with high intensity [19]. For
evaluating the effect of registration, mutual in-
formation (MI) is used as a measure of the
similarity of objects [24, 25]. In this paper, we
use the distance coefficient mutual information
(DCMI) [17, 40] algorithm. Additionally, Powell
optimization is applied to find the optimal results.
The process of registration is showed in Fig. 20.6.

The original MI is given in the formula (20.9):

MI =
∑

x,y

p (x, y) log

(
p (x, y)

p(x)p(y)

)
(20.9)

where p(x) and p(y) are the probability distribu-
tions in individual images, while p(x, y) is the
joint probability distribution.

Well, DCMI is given in the formula (20.10),
which is improved by applying a coefficient S(x)
calculated in the formula (20.11):

DCMI =
∑

x,y

p (x, y) log

(
p (x, y)

p(x)p(y)

)
S(x)

(20.10)

S(x) = 1

1 + d(x)2d(y)2 (20.11)

where d(·) is the difference between the distances
of the same intensities (Ix,y and Jx,y) in X-ray
image and DRR image and they can be obtained
by the formula (20.12):

⎧
⎪⎪⎨

⎪⎪⎩

d(x) =
∥∥∥∥
∑√(

RIx
2 + RJx

2
) −

∑√(
FIx

2 + FJx
2
)∥∥∥∥

d(y) =
∥∥∥∥
∑√(

RIy
2 + RJy

2
) −

∑√(
FIy

2 + FJy
2
)∥∥∥∥

(20.12)

Ultimately, the distance coefficient mutual in-
formation (DCMI) can be obtained from the
formula (10, 11, 12), which is used as the iter-
ative termination condition while optimizing the
projection angles.

20.3 Grinding Force Control
Based on an Adaptive Fuzzy
Controller

The anatomical structure of the vertebral lamina
is consisted of cortical and cancellous bone.
The cortical bone is much denser than the
cancellous bone, which forms the hard exterior
of bones, while the cancellous bone has a porous
trabecular structure which makes it soft and
weak but flexible. In vertebral lamina grinding
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Fig. 20.7 The contact
force during grinding
procedure
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Fig. 20.8 Traditional fuzzy logic controller

operation, the bone conditions and instrument
movements are time-varying for the irregular
surface and the different tissues constraints. For
this reason, the vertebral lamina and the grinding
instruments produce vibration and a change in
temperature which can lead to the imbalance
between osteoblast and osteoclast to cause tissue
damage around the operating area. Therefore, the
adaptive parameters are necessary for the robot
system controller to adjust the grinding speed
automatically, and it is regular to use the force
sensors feedback as the inputs.

As shown in Fig. 20.7, the contact force acting
on the grinding bit can be decomposed in a
dynamic coordinate which Y axis is time-varying
according to the velocity direction. The decom-
posed forces include longitudinal force fz and
transverse force fy. In order to improve the dy-
namic performance, an adaptive fuzzy controller
will be used to adjust the grinding speed based on
the transverse force fy.

20.3.1 Multilevel Fuzzy Control
System

As the irregular features of the vertebral lamina,
the nonlinear process should be controlled to
perform good dynamic performance. The fuzzy
logic control technique can be used in the model-
unpredictable control system with the controller
parameters obtained from linguistic information
based on human’s experience rather than a math-
ematical model. The control algorithm frame-
work [16] is shown in Fig. 20.8.

However, the control rules of fuzzy logic con-
troller (FLC) is predefined and fixed during the
control. The parameters of FLC may not al-
ways adapt time-varying conditions. Therefore,
an adaptive FLC is required to be applied in
vertebral lamina grinding.

The multilevel fuzzy controller (MLFC) sys-
tem is a kind of adaptive FLC proposed by Xu
et al. [41, 42], which has simpler structure and
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Fig. 20.9 MLFC for transverse contact force control

Fig. 20.10 Membership function of inputs

lower computation compared with some other
FLCs. MFLC has two FLC layers, as shown
in Fig. 20.9. The first layer is designed based
on human’s experience, and the second layer is
an adaptive layer to compensate the effect of
loads. Compared with traditional FLC, MLFC
has higher adaptability for the high nonlinearities
and time-varying system.

20.3.2 MLFC for Vertebral Lamina
Grinding

A MLFC is designed to keep the transverse
contact force to a desired value by controlling
the transverse feed rate. When the cortical bone
is milled, the transverse feed rate will be slower
than cancellous bone to adapt to the compact
structure and reduce heat generation.

The first layer of MLFC is a basic two-input
and single-output controller designed based on
experience. The error e(k) which is calculated
from the desired force fyt and the feedback force
fy(k) as shown in the formula (20.13) and the
time difference Δe(k) are set as the inputs, while
the output u is the regulating value to the feed
rate:

e(k) = [
fyt − fy(k)

] · GE (20.13)

The GE and GC are the scaling factors
which map the e(k) and Δe(k) into the interval
of [−1,1], and then, the inputs and outputs
are fuzzified to linguistic values by triangular
membership functions shown in Fig. 20.10 and
Fig. 20.11 as negative very big (NVB), negative
big (NB), negative middle (NM), negative small
(NS), negative very small (NVS), zero (ZE),
positive very small (PVS), positive small (PS),
positive middle (PM), positive big (PB), and
positive very big (PVB). The corresponding rules
based on these spaced triangular are listed in
Table 20.1.

There are 121 control rules at all. Each one of
the rules can be defined as the following form:

R : if e is Ei and �e is Ej, t hen u is Un (i, j)

where e is the error e(k) at time instant k, �e is
its change, u is the regulating value u(k) at instant
k, and Ei, Ej, Un(i,j) are corresponding linguistic
values.

Use Mamdani’s minimum fuzzy implication
and center average defuzzification to get control
signal from the formula (20.14):
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Fig. 20.11 Membership function of outputs

Table 20.1 Fuzzy control rules of first layer FLC

Change of error

Error NVB NB NM NS NVS ZE PVS PS PM PB PVB

NVB PVB PVB PVB PVB PVB PVB PB PM PS PVS ZE

NB PVB PVB PVB PVB PVB PB PM PS PVS ZE NVS

NM PVB PVB PVB PVB PB PM PS PVS ZE NVS NS

NS PVB PVB PVB PB PM PS PVS ZE NVS NS NM

NVS PVB PVB PB PM PS PVS ZE NVS NS NM NB

ZE PVB PB PM PS PVS ZE NVS NS NM NB NVB

PVS PB PM PS PVS ZE NVS NS NM NB NVB NVB

PS PM PS PVS ZE NVS NS NM NB NVB NVB NVB

PM PS PVS ZE NVS NS NM NB NVB NVB NVB NVB

PB PVS ZE NVS NS NM NB NVB NVB NVB NVB NVB

PVB ZE NVS NS NM NB NVB NVB NVB NVB NVB NVB

u =
∑
i,j

[
μEi

(e) ∩ μEj
(�e) Un(i,j)

]

∑
i,j

[
μEi

(e) ∩ μEj
(�e)

] GU

(20.14)

where GU is the scaling factor which maps the
output u from the interval [−1,1] to its real
interval.

The second layer of MLFC is used to imitate
the process of human learning to compensate
the model uncertainties, time-varying parame-
ters, and sensor noises. The system adaptability
and stability will be enhanced for complex pro-
cedure of vertebral lamina grinding. Compared
with the first layer, the second one has the same
inputs but different output and fuzzy control
rules, whose output is used to adjust center of first

layer’s output MFs. The corresponding rules are
listed in Table 20.2.

As the same as the first layer, the second layer
also has 121 control rules shown in Table 20.2,
and each one of them can be defined as the
following form:

R : if e is Ei and �e is Ej , t hen c is Cn (i, j)

where e is the error e(k) at time instant k, Δe is
its change, C is the correction value to change the
center of output MFs of first layer at instant k, and
Ei, Ej, Cm(i,j) are the corresponding linguistic
values.

Use Mamdani’s minimum fuzzy implication
and center average defuzzification to get control
signal corrected linguistic output Un(i,j) from the
formula (20.15).
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Un(i,j) = Un(i,j)

+
∑
i,j

[
μEi

(e) ∩ μEj
(�e) Cm(i,j)

]

∑
i,j

[
μEi

(e) ∩ μEj
(�e)

] GU

(20.15)

Finally, the new feed rate can be adjusted in
the formula (20.16 and 20.17).

vf(k) = vf (k − 1) + u(k) (20.16)

Table 20.2 Fuzzy control rules of second layer FLC

Change of error

Error NVB NB NM NS NVS ZE PVS PS PM PB PVB

NVB PVB PVB PVB PVB PVB PB ZE ZE ZE ZE ZE

NB PVB PVB PVB PVB PB PM ZE ZE ZE ZE ZE

NM PVB PVB PVB PB PM PS ZE ZE ZE ZE ZE

NS PVB PVB PB PM PS PVS ZE ZE ZE ZE ZE

NVS PVB PB PM PS PVS ZE ZE ZE ZE ZE ZE

ZE PB PM PS PVS ZE ZE ZE NVS NS NM NB

PVS ZE ZE ZE ZE ZE ZE NVS NS NM NB NVB

PS ZE ZE ZE ZE ZE NVS NS NM NB NVB NVB

PM ZE ZE ZE ZE ZE NS NM NB NVB NVB NVB

PB ZE ZE ZE ZE ZE NM NB NVB NVB NVB NVB

PVB ZE ZE ZE ZE ZE NB NVB NVB NVB NVB NVB

u(k) =

∑
i,j

⎡

⎣μEi
(e) ∩ μEj

(�e)

⎛

⎝Un(i,j) +
∑
i,j

[
μEi

(e)∩μEj
(�e)Cm(i,j)

]

∑
i,j

[
μEi

(e)∩μEj
(�e)

] GU

⎞

⎠

⎤

⎦

∑
i,j

[
μEi

(e) ∩ μEj
(�e)

] GU (20.17)

20.3.3 MLFC Grinding Experiments

20.3.3.1 Experiment Setup
The experimental platform consists of a host
computer system, which runs our software for
interaction, signal acquisition, and robot con-
troller; a speed control grinding instrument sys-
tem, which provides given rotation rate grind-
ing motion; a three coordinate robot system,
which receives and implements control instruc-
tions from the host computer system to achieve
the feed of bone grinding instrument; and a
bone clamp with three coordinate force collection
system, which feeds back the contact force to the
host computer system.

20.3.3.2 Experiment Method
In order to contrast the effects between normal
bone grinding and MLFC grinding, three groups
of experiments are performed, each of which con-
tains a normal grinding procedure and a MLFC
grinding procedure, and the two procedures are
carried out in adjacent area on the bone. Normal
grinding and MLFC grinding are explained as
follows:

• 1) Normal grinding, free control under con-
stant transverse feed velocity at 1 mm/s with-
out MLFC.

• 2) MLFC grinding, MLFC controller was used
to adjust the transverse feed rate to keep the
transverse contact force to a desired value at
1.5 N, 2 N and 2.5 N.
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Fig. 20.12 Experiment result

In the experiments, a piece of scapula bone of
pig was milled through by the two control strate-
gies as mentioned above. A ball end grinding
cutter was used as the grinding instrument; the
grinding depth was set as 0.5 mm every layer;
the rotation rate of grinding instrument was set
as 20,000 r/min.

20.3.3.3 Experiment Result
Figure 20.12 shows the experiment results. From
the three figures in the fourth rows, it can be
seen that the transverse contact force can float at
desired values when the cortical bone is milled
compared with normal grinding. From the three

figures in the third rows, it can be seen that
the feed rate can be adjusted to given max-
imum value when cancellous bone is milled.
Figure 20.13 shows the box figure of Fy when
the first layer (cortical bone) is milled; it can be
found that all the variation range of Fy can be
reduced significantly.

In Table 20.3, the consumed time for grinding
through the vertebral lamina and coefficient of
variation of Fy during the first layer are compared
between normal grinding and MLFC grinding.
The consumed time can be meanly reduced over
45%, and the coefficient of variation can be
meanly reduced over 80%.
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Fig. 20.13 Box figure of
Fy
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Table 20.3 Experiment results

Group ID 1 2 3

Consumed
time (s)

Normal grinding 230 118 167

Coefficient of
variation

MLFC grinding 135 68 78

Normal grinding 0.343 0.237 0.239

MLFC grinding 0.048 0.060 0.035

So the efficiency and safety of the assisted
robot can be improved when MLFC is applied.

20.4 Safety Control Method
Based on Bone Texture
Recognition

In order to avoid the vital nerves in spinal canal
harmed, the grinding procedure must be halted
before the inner cortical bone is milled through.
In this paper, we propose a feature extraction
method for bone texture recognition under alter-
ative feed rate.

20.4.1 Bone Texture Feature

The signals which are used for bone texture
recognition contain transverse contact force Fy,

axial contact force Fz, and transverse feed rate
Vy. Fy is positively related to Vy and the hard-
ness of the bone. When MLFC is applied to
control transverse contact force, the transverse
feed rate must be adjusted. In order to distinguish
the bone texture based on the three signals, we
must find a feature transform method to get a
feature which is as far as possible related to the
hardness of the bone but Vy. Here, this paper
comes up with a method called energy consumed
density (ECD) feature extraction, which is got-
ten from the energy consumed to mill off unit
volume.

In this chapter, the feature R = (Fy, Fz, Vy)T

from the raw signal can be called as the original
feature, and then, the new feature E = (E1, E2,
E3)T transformed by the method is called as
ECD feature. Therefore, the ECD feature can be
calculated according to the procedure as follows:

As for a sample, window contains n
samples.

• A. Kinetic energy from robot’s transverse feed

Ey = T

n∑

i=1

Fyi · vyi (20.18)

• B. Dissipative heat energy during transverse
feed
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Qfy = μT

n∑

i=1

Fzi · vyi (20.19)

• C. Deformation potential energy in grinding
instrument

Ek = Fyn
2 − Fy1

2

2k
(20.20)

• D. Volume of bone milled off

Vy = T · Sz

n∑

i=1

vyi (20.21)

where T is the sample period, n is the number of
samples in the sample window, μ is the friction
coefficient, k is the distortion coefficient, and Sz

is the cross-sectional area of grinding instrument.
Then, the energy consumed to mill the unit

volume of bone is calculated in the formula
(20.22):

wy = Ey − Ek − Qfy

Vy
=

n∑
i=1

Fyi · vyi

Sz

n∑
i=1

vyi

−
μ

n∑
i=1

Fzi · vyi

Sz

n∑
i=1

vyi

− Fyn
2 − Fy1

2

2kT Sz

n∑
i=1

vyi(20.22)

Although there are some unknown coeffi-
cients, the ECD feature can be obtained by the
formula (20.23).

EECD = (E1, E2, E3)
T

=

⎛

⎜⎜⎝

n∑
i=1

Fyi · vyi

n∑
i=1

vyi

,

n∑
i=1

Fzi · vyi

n∑
i=1

vyi

,
Fyn

2 − Fy1
2

n∑
i=1

vyi

⎞

⎟⎟⎠

T

(20.23)

Thestandardized original feature and ECD
feature in 3D figures are plotted as shown in
Fig. 20.14 and Fig. 20.15 for 1000 cortical bone,
1000 cancellous bone, and 1000 transition layer
(where grinding instrument is between cortical
bone and cancellous bone). In ECD feature space,
the feature points from the same class gather
together but disperse away from different classes
compared with original feature space, which
increases the separability.
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Fig. 20.14 Original feature space
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Fig. 20.15 ECD feature space
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Table 20.4 Test result of SVM trained from original feature space

Classify results Accuracy (%) Comprehensive accuracy (%)
Sample class
(300 each) cortical bone cancellous bone transition layer

Cortical bone 268 12 20 89.33 75.89

Cancellous bone 15 236 49 78.67

Transition layer 86 35 179 59.67

Table 20.5 Test result of SVM trained from ECD feature space

Classify results Accuracy (%) Comprehensive accuracy (%)
Sample class
(300 each) cortical bone cancellous bone transition layer

Cortical bone 271 4 25 90.33 88.11

Cancellous bone 7 281 12 93.67

Transition layer 41 18 241 80.33

20.4.2 Bone Texture Recognition
Based on SVM

In order to test the ECD feature’s significance in
bone texture classification, this paper applied the
original feature and ECD feature to train and test
SVM. We collected 1000 samples for each class,
700 of which are as train samples and 300 of
which are as test samples. The libSVM [3] is used
to achieve SVM and choose RBF as kernel func-
tion. The grid search method is applied to find
the optimum parameters to train SVM. Then the
test results of two SVMs trained from two feature
spaces are shown in Table 20.4 and Table 20.5.
It can be seen that the recognition accuracy has
been improved significantly when ECD feature
are used. The classified results based on original
feature space have a low accuracy, especially for
transition layer. Moreover, the transition layer is
the key position to control the grinding process
which affects the safety of the main tissues di-
rectly. On the other hand, the ECD feature shows
a better result for classification. The method used
in our experiment can recognize the different
components effectively, which means the robot
can be controlled to stop in time when the instru-
ment reaches the inner cortical bone.

20.5 Conclusion

In this paper, some key technologies in verte-
bral lamina grinding are studied. 3D reconstruc-
tion from CT images is used to preoperatively
plan the grinding path. 2D/3D registration is
used to navigate the grinding instrument achieve
preplanned grinding path. Multilevel fuzzy con-
troller (MLFC) is applied to stabilize the trans-
verse contact force and enhance the grinding
efficiency. The effects of normal grinding and
MLFC grinding are contrasted by the grinding
experiments. The results show that MLFC grind-
ing is more stable and efficient than the normal
grinding. ECD feature extraction method is pro-
posed to apply to improve separability for bone
texture, which guarantees the safety during grind-
ing procedure. This study proposes a strategy for
robot-assisted vertebral lamina grinding, which
covers the method from preoperative planning
and intraoperative navigation to grinding force
control. Although this study is aimed at vertebral
lamina grinding, the method proposed in this
paper can also be applied on other types of
orthopedic surgery.
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21Potential Risk of Intelligent
Technologies in Clinical Orthopedics

Yajun Liu

Abstract

Nowadays, the intelligent technologies are
getting more and more attention, and the
surgical robot is one of the most typical
representatives. Orthopedic robots have
revolutionized orthopedic surgery, but there
are also risks. The risks can be categorized
into those directly related to the use of the
robotic system and the general risks of the
operative procedure. This paper analyzes
the potential risks of intelligent technologies
in clinical orthopedics from three aspects,
including surgical planning and strategies,
spatial registration, and robotic guidance and
navigation. Through these summaries, we
hope to help clinical doctors better understand
intelligent orthopedic techniques and promote
a wide range of clinical applications of
intelligent orthopedics. Besides, we also
indicate the future research direction of
intelligent orthopedic techniques, such as
risk analysis, safety assessment, and risk
management system.

Y. Liu (�)
Department of Spine Surgery, Beijing Jishuitan Hospital,
Beijing, China

Keywords
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21.1 Introduction

In recent years, intelligent technologies repre-
sented by computer-assisted diagnosis, medical
image automatic recognition and segmentation,
and surgical robotics have been well developed
and popularized in various clinical fields. Among
them, the surgical robot is one of the most
typical representatives of intelligent technology
and also is the convergence of cutting-edge
medical technologies. In the field of orthopedics,
trauma, spine, and joint surgery have their own
dedicated surgical robotic platform to achieve the
clinical goal such as minimally invasive surgery
and precision surgery, improving operative
efficiency, reducing intraoperative fluoroscopies,
and reducing postoperative complications.
Currently, the technical framework of orthopedic
robots is based on image-guided/image-free
robotic-assisted surgical navigation, mainly
including three key aspects: surgical planning
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and strategies, spatial registration, and robotic
guidance and navigation. Each step adopts the
latest intelligent technologies at various levels,
but it also may increase more potential risks,
which may ultimately affect patient safety and
their clinical benefits. However, since intelligent
orthopedic robotics is still in its infancy and has
not been yet widely used in clinical applications,
there is no systematic analysis and assessment of
these potential risks, and the sophisticated patient
safety and risk management system has not yet
been developed. At present, only a few literatures
report relevant information [1–3].

Therefore, the risk assessment and management
of the intelligent orthopedic technologies is a new
topic and challenging. This paper attempts to
summarize the potential risks of intelligent tech-
nologies in clinical orthopedics based on three
key aspects of the intelligent orthopedic robots.

21.2 The Potential Risks
of Surgical Planning
and Strategies

Surgical planning and strategies are recognized
as a fundamental aspect of orthopedic practice
and an indispensable part of any successful sur-

gical procedure. For orthopedic robotic surgery,
normally during preoperative or intraoperative
period, in the robotic planning software or plat-
form, the surgeon designs the surgical planning
such as implant trajectory, and also they make
surgical strategies which describe a step-by-step
guide to the operation including the planned
patient position, surgical approach, and operation
logistics [4]. Such robotic software platforms
typically include multimodal medical image pro-
cessing, surgical approaches or implant place-
ment planning, surgical simulation, and patient
management modules, which all contain vary-
ing degrees of intelligence (Fig. 21.1). In med-
ical image processing, automatic segmentation
and extraction of anatomical structures based on
deep learning and big data, automatic fusion of
multimodal images, and automatic calculation
of kinematics parameters have reached a cer-
tain degree of automation and precision so far,
but most still need to be verified, fine-tuned,
or manually planned by surgeon. Also, image
modalities and image correction processing may
affect planning efficiency or accuracy. For ex-
ample, traumatic orthopedics often use biplane
fluoroscopy images as screw planning images,
two-dimensional fluoroscopic images themselves
lacking three-dimensional information and image

Fig. 21.1 TiRobot Spine cervical screws planning interface
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edge distortion, making the planning trajectory
often could not be automatically generated or
not optimal and safe design. Spinal surgery often
uses intraoperative CBCT image as guidance im-
ages. Due to poor quality of the image itself and
the metal artifacts, automatic segmentation and
recognition or visual identification of anatomy
structures such as pedicle channel is difficult,
which makes the intraoperative planning time-
consuming. CT-based 3D automatic reconstruc-
tion used by hip and knee arthroplasty may loss
the small bone structures, which perhaps af-
fect components placement accuracy. Currently,
2D and 3D multimodal image fusion has been
largely automated, but for complex cases it may
take longer or fail to achieve satisfactory accu-
racy. In the design of implants, whether it is the
pedicle screw system for scoliosis or hip and
knee components, it mainly depends on man-
ual planning and lacks the intelligent evalua-
tion and verification based on kinematics and
soft tissue balancing. In surgical simulations,
such as complex cervical spinal surgery, the sur-
geon can “fly through” their patients’ anatomy
and perform complex operations in virtual re-
ality using VR medical visualization solution.
In the field of patient data management and
treatment solutions, there is still a lack of big
data such as images supported by evidence-based
medicine or labeled by professional physicians,
which have true practical values in clinical
decision-making.

In general, there is a lack of a sophisticated
and robust software and hardware platform in
orthopedic surgery planning and strategies in-
cluding planning software of orthopedic robots,
to help doctors to optimally manage the full
treatment process and clinical decision-making
from preoperative diagnosis to postoperative re-
habilitation. Otherwise, all these current surgical
planning software are generally poor in usability
and have steep learning curves; most surgeons
who have not been comprehensively trained in
medical image processing and robotic surgery
could not learn their use in a short period of time
and could not use these data for innovative med-
ical research. In addition, the vast majority of or-

thopedic surgeons are undergoing heavy surgical
tasks, often leaving little time to perform delicate
surgical planning and optimal surgical strategies.

21.3 The Potential Risks of Spatial
Registration

The spatial registration of intelligent orthopedic
surgical robotic platform refers to the robotic
work space and patients’ image space or phys-
ical space coordinates matching, which is the
central operation of orthopedic robotic surgery
and one of the most important limiting factors
for end-to-end clinical accuracy. There are three
types of spatial registration methods for ortho-
pedic robots, including fiducial-based registra-
tion, surface-based registration, and fiducial- and
surface-based hybrid registration. Fiducial-based
registration has normally been automated, and
the accuracy mostly is satisfactory but may still
need manual adjustment for very few compli-
cated cases, mainly used in spinal surgery and
traumatic orthopedics (Fig. 21.2). For surface-
based registration or hybrid registration, it is
often necessary for the surgeon to hold a hand-
held optical navigation probe to acquire a certain
number of bone surface points to match with
the 3D surface reconstructed by preoperative CT
images. Surface-based registration has a similar
or lower accuracy compared with fiducial-based
registration, and it is often experience-depending
and time-consuming, mainly used in hip and knee
arthroplasty. In the actual clinical applications of
orthopedic robots, there are many potential risk
factors which lead to poor registration accuracy,
registration failure, or repeated registrations, in-
cluding optical camera failure, reference arrays
loose or damaged, sight-light obstruction, rela-
tive displacement of bone structure or respiratory
motion, the operator registration process error,
image fiducial-similar artifacts, and other factors,
and these may affect the fluency of the procedure
or result in the termination of the procedure.
Notably in hip and knee arthroplasty, errors in
registration can have serious consequences due to
the proximity of neurovascular structures around

https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E8%84%8A%E6%9F%B1%E4%BE%A7%E5%BC%AF
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Fig. 21.2 TiRobot Spine fiducial-based automatic registration

the hip and knee and have the potential to damage
them in addition to the inaccuracies of bone
milling [6].

At present, new registration method and
strategies such as optical 3D scanning regis-
tration, automatic registration refresh, and elastic
registration between vertebral bodies have not
been effectively applied in orthopedics, which
need further study and clinical testing.

21.4 The Potential Risks
of Robotic Guidance
and Navigation

After spatial registration has completed, the sur-
geon performs the main orthopedic surgical task
such as stereotaxy, guidance, drilling, milling,
and cutting with the guidance of robots and
optical navigation. This step highlights the au-
tomatic or intelligent technologies and also may
introduce the biggest and most complex potential

risks. The orthopedic surgery environmental dif-
ficulty, the complexity of the operational tasks,
and the surgeon independence directly affect the
human-robot interaction strategies or automation
realization of the orthopedic robot [7]. In general,
percutaneous minimally invasive surgery needs
smaller incision which causes soft tissue pres-
sure to implanted screws and rods, and thus is
more difficult than open surgery. Robotic spinal
surgery theoretically has the potential to achieve
high automation but it needs high clinical ac-
curacy due to the fact that the surgical field is
adjacent to important blood vessels and nerves.
This is especially true for the cervical surgery,
making it difficult to achieve high automation
(Fig. 21.3). In traumatic orthopedics, the surgical
area is relatively large and the patient positioning
varies. The main surgical mission is complicated.
The difficulty of placement of the implants varies
greatly and often relies on intraoperative fluo-
roscopy to repeatedly verify the position of the
implants. Therefore, robotic trauma orthopedic
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Fig. 21.3 TiRobot
Spine-assisted cervical
screw placement surgery
environment

surgery theoretically is difficult to achieve a high
automation. In the field of hip and knee arthro-
plasty, open surgery is generally performed, and
the surgical area is relatively small and lim-
ited. Surgeons have a large number of compli-
cated surgical missions, and the placement of
the implants is generally difficult considering
the kinematic parameters and soft tissue balance
and other factors, so the degree of automation
to achieve is low, but in some bone milling or
cutting operations, because there is no soft tissue
involved and relatively safe, in theory, robotic
hip and knee arthroplasty can achieve a high
automation.

At present, the dominant traumatic orthopedic
robots, spinal surgical robot, and hip and
knee arthroplasty robots all use multi-DOF
robotic arms combined with optical navigation
technology. The most foundational functions of
robotic arms are stereotactic guidance, such as
positioning, drilling, and cutting, and milling
is the continuous operation of drilling. In
traumatic orthopedics and spinal surgery, the
end-effector of robotic arm carries various tools,
mainly performing a single drilling or cutting
function. The human-robot interaction mode
is relatively simple. For example, TiRobot,
Mazor X, ROSA Spine, and Excelsius GPS
all mainly work in automatic movement mode

[8] [9] [10] [11] (Fig. 21.4). And Mazor X
end-effector carrying a laser scanner allows
3D reconstruction of the patients’ surface
surgical areas for safer automated operation and
intelligent obstacle avoidance. In the field of hip
and knee arthroplasty, Mako robotic arm carrying
power drill, saw blade, or acetabular reamers
to perform drilling, milling, cutting, and other
complex surgical tasks, and MAKO need surgeon
work in collaboration with robot, that is, once the
work begins on the bone, the surgeon provides
the force, while the robot provides guidance
[12]. In addition, Mako sets up several robotic
arm safety margin and stereotactic space for
complex operations such as milling more safely
and accurately.

Compared with surgical planning and spa-
tial registration steps, robotic guidance has the
greatest potential risks. In traumatic orthopedics
especially hip and pelvis surgery, the soft tissue
through implant placement such as the muscle
fascia is thick and high pressure; the robotic
arm may undergo a protective shutdown due
to insufficient load. In addition, for example,
the trajectory of the acetabular anterior colum-
nar screw is steep. The guidance sleeve may
deviate from the planned path due to the high
soft tissue pressure, and the movement trajectory
of the robotic arm may be limited by the C-

http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E7%90%86%E8%AE%BA%E4%B8%8A
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E9%AB%8B%E8%87%BC%E9%94%89
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E9%AB%8B%E8%87%BC%E9%94%89
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Fig. 21.4 TiRobot Spine automatic movement simulation

arm positioning and cannot be quickly realized
obstacle avoidance during the intraoperative C-
arm fluoroscopy verification. In the field of spinal
surgery, pedicle screw entry point is often at a
steep bone surface, the guidance sleeve is easily
skidding and deviates from the planning path,
and, because adjacent vertebral body is a fine
motion joint especially the cervical spine, the
surgeon performing a large surgical operation

may lead to the displacement of the vertebral
body, thus affecting the positioning accuracy and
injuring important neurovascular structures. In
addition, the thoracic and lumbar vertebral body
largely affects with respiratory motion, which
may result in poor positioning accuracy. In the
field of hip and knee robotic arthroplasty, tech-
nical complications may include fissuring of the
femur, milling of a defect in the greater trochanter
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and damage to the acetabulum, and damage to the
patellar tendon during milling [13].

In clinical applications, there are various ad-
verse events related with the usage of robotic
arms, which include: the robotic arm is short-
circuited or unexpectedly shut down; the robotic
arm is not moved as planned simulation; the
robotic arm cannot be stopped or work in place;
the guidance sleeve is subjected to stress and
bending; potential risks such as damaging col-
lisions with patients, surgeons, or other devices;
delays in manipulator operation; inadequate ster-
ile protection of end-effector; control software
crashes; errors in software tool parameters; and
so on. All these adverse events may eventually
result in surgical procedures interrupted or ter-
minated, affecting the clinical accuracy, and even
endanger human life.

In general, none of the dominant commercial
orthopedic robots currently have an integrity of
operational risk management systems for robotic
arm movement, especially in soft tissue stress
feedback, complex path operation simulation and
intelligent obstacle avoidance, and emergency
arm power supply. To some extent, it affects and
limits its own clinical application and promotion.

21.5 Summary

Risks of robotic surgery can be categorized into
those directly related to the use of the robotic
system and the general risks of the operative pro-
cedure. Compared with the master-slave control
mode, which is mainly represented by Da Vinci
surgical system, orthopedic robots take more au-
tomatic or semiautomatic mode under the super-
vision of the surgeon, and the level of automa-
tion is constantly improving. Thus, if we would
like to compare the master-slave model with the
automatic model, we don’t known which model
would have a higher surgical risk. In fact, there
is relatively little research on the management
of adverse events and risk management, both for
master-slave control robots and for automatic or
semiautomatic robots. A retrospective analysis of
adverse surgical events using Da Vinci surgical
robots revealed that 10,624 adverse events oc-

curred in 1.75 million operations over a 14-year
period, 75% of which were equipment failures,
and 1.4% of deaths were mainly caused by sur-
gical inherent risks and complications as well
as the doctor’s mistake caused [14]. In the two
literatures of spinal robot up to 1000 cases of
surgical operation, the robot failure rate and reg-
istration failure rate were about 1%, while 85.7%
of the factors affecting the surgical accuracy were
related to surgeons’ operation [15] [16] . There-
fore, in reducing the risk, with the exception of
robust and reliability and intelligence of robotic
system, the surgeon’s basic surgical operation
training and robot training is also very impor-
tant. A risk management framework for robotic
surgery has been proposed, recommending that
medical device regulatory agency, surgical robot
manufacturers, and healthcare providers should
work together to reduce the risk of design-related
defects and to reduce the risk of lack of training
as well as reduce the risk caused by the lack of
application guidance information [17].

In short, for the emerging intelligent orthope-
dic robots, it urgently needs to establish a com-
prehensive and systematic risk analysis, safety
assessment, and risk management system, which
thus may promote a wide range of clinical appli-
cations and promote the development of a new
era of intelligent orthopedic.
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22Clinical Application of Navigation
in the Surgical Treatment of a Pelvic
Ring Injury and Acetabular Fracture
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and Nobuhiko Sugano

Abstract

The purpose of this chapter is to review
current evidence on indications, techniques,
and outcomes of computer-navigated surgical
treatment of pelvic ring injuries and acetabular
fractures, particularly computer-navigated
screw fixation.

Iliosacral screw fixation of pelvic ring in-
jury using navigation is attracting attention be-
cause the biomechanical stabilization of pos-
terior pelvic ring disruption is of primary
importance and is widely indicated because
it does not require complete reduction of the
fracture site. A cadaver study with a simu-
lated zone II sacral fracture demonstrated a
substantial compromise in the space avail-
able for iliosacral screws with displacements
greater than 10 mm. It is possible to reduce
the fracture fragment prior to intraoperative
imaging in 2D or 3D fluoroscopic navigation.
The use of 3D fluoroscopic navigation report-
edly results in lower rates of iliosacral screw
malpositioning than the use of the conven-
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tional technique or 2D fluoroscopic naviga-
tion. Moreover, compared with the conven-
tional technique, it reduces radiation exposure
and lowers revision rates. However, the mal-
position rate associated with 3D fluoroscopic
navigation ranges from 0% to 31%, demon-
strating that there is still room to improve the
navigation performance.

Conversely, complete articular surface re-
duction is required when treating a displaced
acetabular fracture to prevent residual hip pain
and subsequent osteoarthritic changes. Treat-
ing a severely displaced acetabular fracture by
screw fixation is very challenging, even with
the use of 3D fluoroscopic navigation, because
of the difficulty in performing closed anatomi-
cal reduction. The indication for percutaneous
screw fixation is limited to cases with a small
articular displacement. Using 3D fluoroscopic
navigation for open surgeries reportedly im-
proves the quality of radiographic fracture
reduction, limits the need for an extended
approach, and lowers the complication rate.

In conclusion, percutaneous screw fixation
for pelvic ring injuries is widely indicated,
and navigation makes these procedures safe
and reliable. The indication for percutaneous
screw fixation of acetabular fractures is lim-
ited to cases with a small articular displace-
ment. Using 3D fluoroscopic navigation when
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performing open surgeries is reported to be
useful in evaluating fracture reduction and
screw position.

Keywords

Pelvic ring injury · Acetabular fracture · 2D
fluoroscopic navigation · 3D fluoroscopic
navigation · CT-based navigation · Iliosacral
screw · Anterior column screw · Posterior
column screw · Supraacetabular screw

22.1 Introduction

A pelvic ring injury and acetabular fracture are
life-threatening injuries caused by high-energy
trauma, which are often accompanied by mul-
tiple organ damage [1]. Early stabilization of
the pelvic ring and acetabulum is required to
prevent further bleeding from the fracture sites
and facilitate early functional recovery. Thus, it
is ideal to perform minimally invasive surgery as
soon after the injury as possible. In developed
countries, the number of high-energy accidents
such as a motor vehicle crashes or falls from great
heights at construction sites is slowly decreasing,
while due to the increase of an aging population,
the number of fragility fractures of the pelvis is
reportedly increasing [2]. Conservative treatment
is a standard option for fragility fractures of the
pelvis, but this approach is often accompanied
by immobility-associated complications such as
loss of waking function, pneumonia, decubitus,
and venous thromboembolism. Rommens et al.
[2] classified these fractures to the localization of
the instability. They recommended a minimally
invasive surgical treatment, except for isolated
anterior pelvic ring lesions, in order to achieve
stable fixation and earlier mobilization [3].

Percutaneous screw fixation under flu-
oroscopic guidance, including that of an
iliosacral screw, transsacral screw, posterior
column screw, anterior column (or pubic)
screw, and supraacetabular screw, is a good
minimally invasive treatment option, but it
requires detailed knowledge and experience to

correlate the osseous landmarks of the pelvic
ring and acetabulum with their corresponding
fluoroscopic images and find a secure screw
corridor by rotating fluoroscopic views. In order
to make these procedures safe and reliable,
various types of navigation systems have been
applied, including computed tomography (CT)-
based navigation [4–6], two-dimensional (2D)
fluoroscopic navigation [5, 7–17], and three-
dimensional (3D) fluoroscopic navigation [5,
8, 12–14, 18–23]. Their indication and efficacy
in surgical treatments of pelvic ring injuries
and acetabular fractures are now being debated
[13, 24, 25]. The 3D intraoperative imaging
modalities and image-based navigation have also
been applied to open surgeries for pelvic ring
injury and acetabular fracture, and their efficacy
in fracture reduction and screw position has been
focused on [26–28]. The purpose of this chapter
is to review current evidence on the indications,
techniques, and outcomes of computer-navigated
surgical treatment of pelvic ring injuries and
acetabular fractures and especially computer-
navigated screw fixation.

22.2 Navigated Iliosacral Screw
Fixation for the Surgical
Treatment of a Pelvic Ring
Injury

22.2.1 Indications and Outcomes

Iliosacral screw fixation under fluoroscopic guid-
ance has become a popular technique to stabilize
unstable pelvic ring fractures [29–31] because
the biomechanical stabilization of a posterior
pelvic ring disruption is of most importance in
the treatment of pelvic ring injury. The use of
percutaneous iliosacral screw fixation has min-
imized the risk of operative blood loss, skin
necrosis, and infection associated with open pro-
cedures fractures [31–33]. Due to the complex
3D sacral anatomy, percutaneous iliosacral screw
insertion is a technically demanding procedure
because the placement corridors are narrow and
variable [34, 35]. It is sometimes difficult to
achieve clear and optimal fluoroscopic sacral
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Fig. 22.1 The schema shows the pelvic ring before (a)
and after manipulative fracture reduction (b). Displaced
and reduced bone fragments are colored yellow. The
navigation system can track the movement of the sacrum
even after reduction because the reference tracker is fixed

to the contralateral iliac crest. The black arrows indicate
vertical displacement of bone fragments before manipula-
tive fracture reduction. (Reprinted with permissions from
[47])

visualization due to excessive bowel gas, obe-
sity, and/or osteoporosis [36, 37]. Screw mal-
position rates with fluoroscopic guidance have
been reported to range from 2% to 68% [18, 19,
38, 39], with an incidence of neurologic injury
between 0.5% and 7.9% [38, 39]. This method
requires detailed knowledge and experience to
correlate the osseous landmarks of the sacrum
with their corresponding fluoroscopic images and
to determine a secure screw corridor by rotating
the inlet, outlet, and lateral fluoroscopic views
[36]. A trigonometric analysis of patients’ CT
data suggested that a deviation of the surgeon’s
hand by as little as 4◦ could direct iliosacral
screws either into the S1 foramina or through
the anterior cortex of the sacrum [35]. Several
factors reportedly increase the risk of screw mal-
positioning such as the presence of a dysmorphic
sacrum [34], the use of S2 screws [38], the
number of S1 screws used [9], the extent of the
dislocation [9], and the surgeon’s experience
[9, 40].

To make iliosacral screw fixation under flu-
oroscopic guidance safe and reliable, various
types of computer-assisted techniques, includ-
ing CT-based navigation [4–6], 2D fluoroscopic
navigation [5, 7–14, 17], and 3D fluoroscopic

navigation systems [5, 8, 12–14, 18–20], have
been developed. It has also been reported that
the use of intraoperative 3D imaging modali-
ties in an assessment of iliosacral screws was
effective in improving screw position [41, 42].
Iliosacral screw fixation using CT-based naviga-
tion is indicated for a minimally displaced pelvic
ring injury of 5 mm or less because it is not
possible to reduce the fracture. In 2D or 3D
fluoroscopic navigation, it is possible to reduce
the fracture fragment if the navigation tracker
was fixed on the contralateral ilium (Fig. 22.1).
A cadaver study with a simulated zone II sacral
fracture demonstrated a substantial compromise
of the space available for iliosacral screws with
displacements greater than 10 mm [43]. Thus, the
indication of iliosacral screw fixation using 2D or
3D fluoroscopic navigation could be extended to
a displacement of 10 mm or more if a traction
table or some special device which could assist
and maintain the fracture reduction is used.

On the other hand, even with the use of 2D
and 3D fluoroscopic navigation, the procedure
requires substantial experience and detailed
anatomical knowledge to find the proper entry
point and trajectory of a guide-wire on 2D
and 3D fluoroscopic images [9, 20]. Using
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3D fluoroscopic navigation reportedly results
in lower rates of malpositioning of iliosacral
screws compared with conventional fluoroscopic
guidance [18, 19, 44] and 2D fluoroscopic
navigation [44, 45]. In addition, it has been
reported that 3D fluoroscopic navigation reduces
radiation time and dose [18] and lowers the
revision rate [19] as compared with conventional
navigation. However, the malposition rate
associated with 3D fluoroscopic navigation
reportedly ranged from 0% to 31% when
malpositioning was defined as perforation
of grade 1 or more [18, 19, 44, 46] (Table
22.1). This means that there is still room for
improvement in the accuracy of 3D fluoroscopic
navigation for the insertion of iliosacral screws.
In most studies, screw perforations were graded
according to an established classification method
used for pedicle screw placement: grade 0
indicated no perforation, grade 1 indicated a
perforation of less than 2 mm, grade 2 indicated
a perforation of 2–4 mm, and grade 3 indicated a
perforation greater than 4 mm [14].

The navigation system guides the sleeve
device for guide-wire insertion, not the guide-
wire or the screw itself, which could be a cause
of screw malposition. In addition, the flexibility
of the guide-wire is a concern. The guide-wire
diameter of standard iliosacral screws is 2.8–
3.2 mm. Richter et al. [46] reported greater
screw perforation rates for transsacral screws
(45%) than for standard iliosacral screws (4.4%)
inserted using navigation combined with robot
arm-assisted 3D fluoroscopy. Greater guide-
wire flexibility is therefore one possible reason
for the greater degree of positional error using
transsacral long screws.

Grossterlinden et al. [20] reported that the
surgeon experience affected the malposition rates
in screw placement in cadaveric pelvises, even
when using 3D fluoroscopic navigation. It is
difficult for less experienced surgeons to find a
safe corridor in the multiple reconstructed planes
of 3D fluoroscopic images [40]. We hypothesized
that 3D fluoroscopic navigation combined with
a preoperative CT-based plan could assist even
less experienced surgeons to perform iliosacral
screw insertion safely and reliably [40, 47]. A

3D fluoroscopic navigation system using the flat-
panel detector-equipped C-arm has made it pos-
sible to overlap the preoperative CT-based plan
on intraoperative 3D fluoroscopic images of the
pelvis with an accuracy of 0.8 mm [48, 49]. In
the previous cadaveric study, guide-wires were
inserted bilaterally across the ilia into the S1 and
S2 vertebral bodies by four novice orthopedic
surgeons using fluoroscopic guidance and 3D flu-
oroscopic navigation with and without CT-based
preoperative planning. They could not avoid per-
foration of the guide-wires, even using 3D fluo-
roscopic navigation, but the combination of 3D
fluoroscopic navigation and CT-based preoper-
ative planning enabled them to insert a guide-
wire successfully with a single short. This result
showed that the “3D cognitive” skill required
to recognize bone structure and position of a
guide-wire by viewing 2D or 3D fluoroscopic
images is very difficult for trainees to acquire in
percutaneous iliosacral screw insertion. Training
is necessary for novice orthopedic surgeons to
find a proper corridor for the guide-wire viewing
either 2D or 3D fluoroscopic images. We initially
reported on six cases of pelvic ring injury treated
by percutaneous iliosacral screw guided by CT-
3D-fluoroscopy matching navigation [47].

The 3D intraoperative imaging modality and
image-based navigation have also been applied to
open surgeries to evaluate fracture reduction and
screw position. We applied CT-3D-fluoroscopy
matching navigation to anterior sacroiliac plate
fixation through the anterior approach for a
type C1 pelvic ring fracture. Intraoperative
lumbosacral nerve visualization using computer
navigation was useful to recognize the “at risk
area” for nerve injury during anterior sacroiliac
plate fixation [26] (Fig. 22.2).

22.2.2 Surgical Technique

Surgical procedures for iliosacral screw fixation
using 3D fluoroscopic navigation combined
with CT-based plan are summarized in the
flowchart shown in Fig. 22.3. The navigation
procedure was performed using a computer
navigation system (Stryker Navigation System
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Fig. 22.2 For an anterior sacroiliac plate fixation, the
direction and depth of screw drilling were checked by
inserting the navigation pointer to the drilled holes in
the sacral ala instead of fluoroscopic imaging through an
anterior approach to the sacroiliac joint (a). A navigation

monitor image shows that there is no perforation to the
sacral canal, neural foramen, or sacroiliac joint. The
navigation pointer is colored green and the lumbosacral
nerves are white (b). (Reprinted with permissions from
[26])

II-Cart; Stryker, Kalamazoo, MI, USA) and a
mobile 3D C-arm equipped with a flat-panel
detector (Ziehm Vision FD Vario 3D; Ziehm
Imaging, Nuremberg, Germany). The screw
position was planned preoperatively using a
CT-based planning software (OrthoMap 3D;
Stryker) within the navigation unit. During pre-
operative CT-based planning, three orthogonal
reconstructions were viewed along the planned
screw axis. In the sagittal-reconstructed plane
passing through the nerve root tunnel, the screw
position was adjusted to keep a safety margin
of more than 3 mm from the upper cortical
alar and the S1 and S2 nerve root tunnels (Fig.
22.4).

The patients were placed in a supine or prone
position on a radiolucent operating table or trac-
tion table (Fig. 22.5). The navigation computer
was placed at each patient’s caudal side. The
mobile 3D C-arm approached from the oppo-
site side to the operating surgeon. A reference
tracker was fixed to the contralateral anterior
or posterior iliac crest using the external fixa-
tion device. The C-arm was connected to the
navigation system and calibrated by registering
three points on the detector using a pointing
device. A 3D fluoroscopy scan of the sacrum was

Fig. 22.3 Flowchart showing surgical procedures for il-
iosacral screw fixation using 3D fluoroscopic navigation
combined with CT-based plan

performed intraoperatively with the scan center
aimed at the S2 vertebral body. Image matching
between preoperative CT data and intraoperative
3D fluoroscopic image volume was done using an
image registration technique (Fig. 22.6) [47] after
the image data were transferred to the navigation
system.
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Fig. 22.4 Three orthogonal reconstructions along the
planned screw axis were viewed on a CT-based navigation
workstation. The screw position was adjusted to gain a
sufficient margin on the sagittal-reconstructed plane (a)

passing throughout the nerve root tunnel. Screw direction
and length were determined on coronal (b) and axial (c)
planes parallel or perpendicular to the sacrum. Each screw
was advanced just beyond the sacral midline

The guide-wire sleeve was calibrated, and a
guide-wire was then placed into the S1 and S2
vertebrae according to the preoperative plan with
the navigation sleeve while viewing the naviga-
tion monitor (Fig. 22.7). It was also possible to
perform screw insertion viewing intraoperative
3D fluoroscopic images (Fig. 22.8). The guide-
wire was advanced until it penetrated the il-
iosacral joint. The wire placement was checked
fluoroscopically on the inlet and outlet views.
For iliosacral screw fixation, the guide-wire was
advanced up to the center of the vertebral body
because bone density is higher around the ver-
tebral body center [50]. For transsacral screw
fixation, the guide-wire was advanced to pen-
etrate the contralateral sacroiliac joint. Drilling

and tapping were performed on the ipsilateral
sacroiliac joint, and a cannulated 6.5 or 8.0 mm
in diameter threaded screw was inserted.

22.3 Navigated Periacetabular
Screw Fixation for
the Surgical Treatment
of an Acetabular Fracture

22.3.1 Indications and Outcomes

Treatment of a displaced acetabular fracture re-
quires complete reduction of the articular surface
to prevent residual hip pain and subsequent os-
teoarthritic changes. An open reduction and in-
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Fig. 22.5 Setup of
percutaneous iliosacral
screw fixation with the
patient supine on a
radiolucent operating table.
The navigation computer
was placed at the patient’s
caudal side (a). The mobile
3D C-arm approached
from the opposite side to
the operating surgeon (b).
A reference tracker was
fixed to the contralateral
anterior iliac crest using
the external fixation device
(b)

Fig. 22.6 Image matching between preoperative CT data
and intraoperative 3D fluoroscopic image volume (broken
lines) was done using an image registration technique.

The accuracy of image matching can be visually assessed
on coronal (a), sagittal (b), axial (c), and digitally recon-
structed radiographic images (d)
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Fig. 22.7 Intraoperative view of CT-3D-fluoroscopy
matching navigation shows the preoperative planned
screw position on CT images (yellow screw). The surgeon

inserted the guide-wire with the navigated guide-wire
sleeve while viewing the guidance cone (right bottom)

ternal fixation is the standard treatment option for
displaced acetabular fractures. It remains difficult
even in the hands of experts, and good postoper-
ative results cannot always be guaranteed. Matta
et al. [21] graded the reduction according to one
of four categories: anatomical (0–1 mm displace-
ment), imperfect (2–3 mm displacement), poor
(>3 mm displacement), or surgical secondary
congruence (the acetabulum is reduced anatom-
ically, but displacements in the innominate bone
alter the position of the joint) on an anteropos-
terior and 45◦ oblique (Judet) radiograph. The
reduction was graded as anatomical in 185 of
262 hips (71%), and the quality of the reduction
was strongly associated with the clinical result.
Giannoudis et al. [51] reported in a meta-analysis
of operative treatment of displaced fractures of
the acetabulum that if the reduction was satis-
factory (≤2 mm displacement), the incidence of
osteoarthritis was 13.2%. However, if the reduc-

tion was not satisfactory (>2 mm displacement),
it increased to 43.5%.

In an experimental study of navigated peri-
acetabular screws using artificial pelvis models
and human cadaver specimens, the screw devia-
tion severity from the predefined placement was
reportedly significantly lower using a 3D fluoro-
scopic navigation compared to a 2D fluoroscopic
navigation and the conventional technique [13].
In the real clinical setting, it is challenging to
treat a displaced acetabular fracture by percuta-
neous screw fixation even with the use of 3D
fluoroscopic navigation because of the difficulty
of an anatomical reduction in a closed manner.
The indication of percutaneous screw fixation
should be limited to cases with a small articu-
lar displacement or impaired general condition
not allowing for general anesthesia regardless
of the amount of fracture displacement. Patients
unable to maintain partial weight bearing due
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Fig. 22.8 Intraoperative view of the 3D fluoroscopic navigation mode shows 3D fluoroscopic images and the
superimposed planned screw (yellow screw)

to dementia or other psychological disorders are
also a good indication given that a non-operative
treatment would necessitate several weeks of
bed rest with an increased risk of complications
such as venous thromboembolism or pneumonia.
Schwabe et al. [22] reported very good radio-
graphic and functional outcome of acetabular
fractures treated with closed reduction and per-
cutaneous 3D fluoroscopy-based navigated screw
fixation. They excluded patients with a fragment
displacement >1 cm, comminution, isolated or
combined wall fractures, associated both-column
fractures, or mildly displaced fractures with in-
traarticular fragments. Another advantage of per-
cutaneous screwing is that it allows surgery to
be performed as soon as possible after the injury
due to its inherent minimal invasiveness, which
allows for an easy reduction of fractures. Mears
et al. [52] reported that if surgery was delayed
for more than 11 days after injury, there were
significantly fewer anatomical reductions.

The 3D intraoperative imaging modality and
image-based navigation have been applied to
open surgeries to evaluate fracture reduction and
screw position. Oberst et al. [27] compared an
acetabular fracture treatment before and after
the introduction of a navigation system and a
3D image intensifier. They reported that 25%
of the patients with acetabular fractures could
be treated with percutaneous screwing using the
navigation. The remaining patients were treated
by open surgery. Using a navigation system in
combination with a 3D image intensifier for open
reduction and internal fixation of displaced ac-
etabular fractures led to a significant increase
in skin-to-skin time, but the 3D fluoroscopic
navigation improved the quality of radiographic
fracture reduction, limited the need for an ex-
tended approach, and lowered the complication
rate. It has been also reported that the use of
intraoperative 3D imaging modalities in the treat-
ment of a displaced acetabular fractures led to
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an improvement in fracture reduction and screw
position [28].

After the introduction of the 3D fluoroscopic
navigation system, 17 patients with a displaced
acetabular fracture were treated operatively in
our hospital. Acetabular fractures were classified
according to the Judet–Letournel classification as
posterior wall in three patients, anterior column
in one patient, transverse in one patient, trans-
verse and posterior wall in three patients, ante-
rior column and posterior hemi-transverse in five
patients, and both-column in four patients. Five
patients (29%) were treated with percutaneous
periacetabular screw fixation guided by CT-3D-
fluoroscopic navigation. The fracture type was
posterior wall in one patient, anterior column
in one patient, transverse and posterior wall in
one patient, and both-column in two patients. We
excluded patients with a fragment displacement
>1 cm, comminution, dislocation, or mildly dis-
placed fractures with intraarticular fragments. In
the postoperative CT-based analysis, there was
no articular or cortical perforation by the screws.
The maximal gap of the acetabular articular sur-
face was reduced from 4.8 to 2.5 mm, and the
maximal step of the acetabular articular surface
changed from 0.2 to 0 mm. These results were
comparable to those of other reports (Table 22.2)
[15–17, 22, 23, 27].

22.3.2 Surgical Technique

Surgical procedures for retrograde pubic screw
fixation using 3D fluoroscopic navigation com-
bined with CT-based plan are summarized in the
flowchart shown in Fig. 22.9. In preoperative CT-
based planning, three orthogonal reconstructions
were viewed along the planned screw axis (Fig.
22.10). The screw position was adjusted to avoid
articular penetration and cortical perforation. The
patients were placed in a supine or prone posi-
tion on a radiolucent operating table or traction
table. The navigation computer was placed at
each patient’s caudal side. The mobile 3D C-
arm approached from the opposite side to the
operating surgeon. A reference tracker was fixed
to the contralateral or ipsilateral and anterior or

posterior iliac crest using the external fixation
device. The C-arm was connected to the navi-
gation system and calibrated by registering three
points on the detector using a pointing device. A
3D fluoroscopy scan of the pelvis was performed
intraoperatively with the scan center aimed at
the screw entry point. Image matching between
the preoperative CT data and the intraoperative
3D fluoroscopic image volume was performed
using an image registration technique [47] after
the image data were transferred to the navigation
system.

In the supraacetabular screw and retrograde
posterior column screw insertion, a guide-wire
was placed into the anterior inferior iliac spine
or ischial tuberosity using the navigated drilling
sleeve (Fig. 22.11). In retrograde pubic screw
insertion, the pubic cortex at an entry point was
penetrated using a navigated awl because the
screw trajectory is almost parallel to the cortical
surface, and a guide-wire tends to be placed
extracortically (Fig. 22.12). A navigated pedicle
feeler was inserted into the superior pubic ramus
to prepare the screw corridor without cortical
perforation. The guide-wire was inserted into
the hole and the wire placement was checked
fluoroscopically. Cannulated 5.0, 6.5, or 8.0 mm
in diameter partial thread screws were inserted.

22.4 Discussion

Advantages and disadvantages of a CT-based
system as well as 2D and 3D fluoroscopic nav-
igation systems are summarized in Table 22.3.
A systematic review reported malpositioning and
revision rates using different iliosacral screw fix-
ation techniques including the conventional tech-
nique, 2D or 3D fluoroscopic navigation, and
CT-based navigation [24]. CT-based navigation
had the lowest rate of screw malposition, and
2D/3D fluoroscopic navigation showed a slightly
lower rate of complications than the conventional
technique; however, the difference was not statis-
tically significant. It is difficult to compare the
performance of different navigation systems by
systematic review because the indication for nav-
igation in treating pelvic and acetabular fractures
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is different among navigation systems because
of the differences in their own performance. In
addition, the definition and diagnostic imaging
modality of screw perforation differ among stud-
ies. A prospective, randomized clinical study
and/or a well-designed cadaveric study is neces-
sary to compare the performance of navigation
systems in the treatment of pelvic and acetabular
fractures.

The current navigation system has three pos-
sible drawbacks that call for improvement. First,
guidance of the screw itself is not possible with
the commercially available system, which further

Fig. 22.9 Flowchart showing surgical procedures for ret-
rograde pubic screw fixation using 3D fluoroscopic navi-
gation combined with CT-based plan

reduces the incidence of screw perforation and
fluoroscopic time and dose. Second, no naviga-
tion system can guide fracture reduction maneu-
vers, although the level of fracture reduction is
a critical factor in determining postoperative out-
comes [21, 51]. To accomplish this, it would be
necessary to collect quantitative data on fracture
reduction maneuvers by skillful surgeons and de-
velop an artificial intelligence system specifically
for fracture reduction. Third, surgeons must learn
how to use the navigation system to utilize it in
surgery. Few studies have evaluated the learning
curve of computer-assisted techniques. Peng et
al. used intraoperative CT with an integrated nav-
igation system in percutaneous iliosacral screw
fixation, reporting that the operation time de-
creased to half after the first five procedures and
further decreased to one-third after the tenth pro-
cedure [6]. A training system using virtual reality
technology and an easy-to-use device, such as a
smartphone, would be required.

22.5 Conclusion

The indication of percutaneous screw fixation for
pelvic ring injuries is relatively wide, and the
navigation has made these procedures safe and
reliable. In particular, the efficacy of 3D fluo-
roscopic navigation in iliosacral screw insertion
has been noted. The indication of percutaneous
screw fixation for acetabular fractures is limited
to cases with a small articular displacement;

Fig. 22.10 Preoperative CT-based plan of an acetabular
fracture shows the planned position of a retrograde an-
terior column screw and two supraacetabular screws (a).

Postoperative anteroposterior radiograph of the pelvis was
similar to the preoperative plan (b)
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Fig. 22.11 For supraacetabular screw placement, a
guide-wire was placed into the anterior inferior iliac spine
using the navigated sleeve (a) while viewing the orthogo-
nal screw trajectory (b and c) and digitally reconstructed

radiograph (d). Reduction of the acetabular fracture was
performed through a mini-incision using a reduction bar
viewing intraoperative fluoroscopy (e)

Fig. 22.12 For retrograde anterior column screw place-
ment, the pubic cortex as an entry point was penetrated
using a navigated awl. A navigated pedicle feeler (a)

was inserted into the superior pubic ramus while viewing
orthogonal screw trajectory views, which showed the
feeler position in real time (b and c). The guide-wire was
inserted into the hole

therefore, there are few reports regarding the use
of navigation. The application of 3D fluoroscopic
navigation to open surgeries is reported to eval-

uate fracture reduction and screw position. In
the future, development of a navigation system
which can guide fracture reduction is expected.
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Table 22.3 Advantages and disadvantages of navigation systems using different imaging modalities

Advantages Disadvantages

CT-based 3D image-based system Fracture reduction is not possible

Preoperative planning Paired point or surface patient-to-image
registration by the surgeon’s hand

Wide field of view

2D-fluoroscopic Simultaneous two directional radiographic
images

2D image-based system

Fracture reduction is possible before imaging Intraoperative planning

Automatic patient-to-image registration

3D-fluoroscopic 3D image-based system Limited field of view

Fracture reduction is possible before imaging Intraoperative planning

Automatic patient-to-image registration

Intraoperative 3D evaluation of screw position
and fracture reduction
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Abstract

Three-dimensional printing technique has
been adapted for orthopedic surgery, and a
patient-specific surgical guide (PSG) has been
introduced as a convenient surgical instrument
and implicated in the ideal positioning of the
components, including acetabular and femoral
components in total hip arthroplasty (THA).
PSG is designed and manufactured based on
preoperative imaging data, mainly computed
tomography (CT) data. PSGs for implantation
in THA are classified into three types: PSG
for guidewire insertion, PSG for bone cutting,
and PSG for bone reaming and implant
fixation. PSG positioning accuracy depends
on the PSG design and surgical preparation in
contact area on the bone surface. PSGs for the
acetabular component, for the conventional
femoral component, and for the resurfacing
femoral component have been clinically used.
To achieve precise implantation, precise PSG
setting needs and careful surgical preparation
of soft tissues are important.
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23.1 Introduction

Patient-specific surgical guide (PSG) for the
orthopedic surgery has been introduced as a
computer-assisted surgical tool in 1998 [1]. In
the total hip arthroplasty (THA) procedure, ideal
orientation and positioning of hip implants are
necessary to prevent postoperative dislocation [2,
3], satisfactorily perform daily living activities
[4], and enhance implant longevity [5]. In
combination with the advancements of three-
dimensional printing, a PSG for hip arthroplasty
is a convenient surgical instrument and has
been implicated in the ideal positioning of the
acetabular components and femoral components,
based on preoperative planning (Fig. 23.1) [6–
15]. In the present chapter, PSGs for THA have
been reviewed and the validation of PSGs is
elucidated.
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Fig. 23.1 PSG for total
hip arthroplasty. (a) PSG
for acetabular component,
(b) PSG for femoral neck
cut, (c) PSG for resurfacing
total hip arthroplasty

23.2 Design and Manufacturing
of PSG

A PSG is designed to match the surface of the
three-dimensional bone models based on either
preoperative computed tomography (CT) data
or magnetic resonance imaging data. PSGs are
made by various materials, including resin, ny-
lon, and metal. We used the helical CT data, re-
constructed at 1-mm intervals and transferred to
a workstation in STL format. The following stan-
dardized protocol was used: 130kv, 56–112 mA,
collimation 1.0 mm, pitch 1, and rotation length
1.0 s. Reconstructions were obtained using 1.0-
mm sections, 0.5-mm increment, 216-mm field of
view, and 512 x 512 matrix. PSGs for THA were
designed based on preoperative planning using an
image-processing software (Mimics, Materialise,
Leuven, Belgium). PSGs are made from resins
and produced by a machine (FORMIGA, EOS
GmbH, Krailling, Germany) using a rapid proto-
typing method. It takes about 3 hours for making
one PSG from CT data preparing to manufactur-
ing. The interoperator error of producing PSGs is
0.048 ± 0.25 mm [14].

23.3 Function of PSGs for THA

PSGs for THA are mainly classified into three
types: PSG for guidewire insertion [6–15], PSG
for bone cutting [14], and PSG for bone reaming
and implant fixation [14]. PSGs for guidewire

insertion have been used to regulate the direction
of the acetabular component and the resurfacing
femoral component. These guides do not regulate
the three-dimensional position of the component
but regulate the two-dimensional position and
direction. For example, PSG for acetabular com-
ponent regulates inclination and anteversion, but
it does not regulate three-dimensional position
including acetabular depth. While the guidewire
of the resurfacing femoral component is at the
center of the component and regulates the two-
dimensional position and the direction of the
component [8, 9, 11, 13, 14], there are two types
of guidewire of the acetabular components. The
first type of guidewire regulates the center of the
component and the direction of the acetabular
component as the resurfacing femoral component
[10, 12]. The second type of guidewire regulates
the direction of the acetabular component only [6,
7, 15]. In the second type, surgeons attempt to
fix acetabular components parallel to the inserted
guidewire around the acetabular rim.

PSGs for bone cutting have been used for
femoral neck cutting in conventional THA. These
guides regulate the neck-cut height and the di-
rection, such as neck-cut angle on the coronal
and sagittal plane [14]. When the surgeons insert
and fix the femoral component, some guides have
additional parts to regulate the stem anteversion.

PSGs for bone reaming and implant fixation
have been particularly reported for acetabular
reaming and acetabular component fixation [14].
Although these guides are set around the acetab-
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ular rim, these guides are influenced and moved
by the tremor of the reamer and impaction of the
socket holder.

23.4 PSG Positioning on the Bone
Surface

To achieve the accurate positioning of THA im-
plants using PSGs, accurate PSG positioning on
the bone surface based on preoperative planning
is necessary. The soft tissue covering the bony
surface where PSGs will contact, including the
joint capsule, acetabular limbus, and synovium,
has to be removed completely. Otherwise, PSGs
cannot be set on the bony surface accurately, and
guidewire insertion and/or bone cutting cannot be
performed precisely based on preoperative plan-
ning. Additionally, surgeons must confirm that
PSGs are placed on the bony surface without any
gaps, except the gaps PSG design allows between
PSG and bone surface. Sometimes, longer inci-
sion, not minimum incision, is needed to confirm
no gap between PSG and bone surface. Because
of the removal of soft tissues and preparation
needed to confirm PSG setting, PSGs for THA
do not always mean minimal invasive surgery.

There are no clinical data concerning the ac-
curacy of PSG positioning on the bone surface
in THA. In a cadaver study [14], PSGs had four
metal sphere markers (2 mm in diameter) for
the evaluation of the accuracy of PSG position-
ing on the bone surface. The preoperative bone
model and the intraoperative or postoperative
bone model based on CT data were matched
using automatic segmentation and semiautomatic
registration and compared between these two
bone models. The accuracy between preoperative
planning and PSG positioning depends on the
design and the contact area of PSGs.

In PSGs for the femoral neck cut through
the posterior approach, there were no significant
differences in PSG positioning between the wide-
base-contact type and the narrow-base-contact
type [14]. The absolute errors (wide vs. narrow)
are 1.6 ± 0.7◦ vs. 1.6 ± 1.3◦ in the neck-cut angle
on the coronal plane, 1.0 ± 0.4◦ vs. 0.7 ± 0.7◦
in the neck-cut angle on the sagittal plane, and

1.2 ± 0.8 mm vs. 0.8 ± 0.5 mm in the medial
neck-cut height.

In PSGs for the femoral neck cut through
the anterior approach, there were significant dif-
ferences in the neck-cut angle on the sagittal
plane between the wide-base-contact type and
the narrow-base-contact type [18]. The abso-
lute errors (wide vs. narrow) are 0.9 ± 0.3◦ vs.
1.3 ± 1.3◦ in the neck-cut angle on the coronal
plane, 1.7 ± 0.8◦ vs. 5.5 ± 2.8◦ in the neck-
cut angle on the sagittal plane (p = 0.03), and
1.0 ± 0.6 mm vs. 1.6 ± 1.1 mm in the medial
neck-cut height.

In PSGs for acetabular component implanta-
tion, all rim contact types showed more accuracy
in PSG positioning than non-anterior rim contact
types [14]. The absolute errors (all rim con-
tact vs. non-anterior contact) are 1.0 ± 0.9◦ vs.
3.4 ± 2.4◦ in the inclination angle and 1.7 ± 1.1◦
vs. 3.6 ± 2.8◦ in the anteversion angle (p = 0.03).

23.5 PSGs for the Acetabular
Component

There are three types of PSGs according to the
functional classification: (1) guidewire outside
the acetabulum (acetabular rim) to regulate the
direction (inclination and anteversion) of the ac-
etabular component [6, 7, 15], (2) guidewire in-
side the acetabulum to regulate the direction and
the two-dimensional position of the acetabular
component [10, 12], and (3) PSGs to regulate
the direction and the three-dimensional position
of the acetabular component [14]. The accuracy
between the preoperative planning and cup im-
plantation is shown in Table 23.1.

23.5.1 Type 1: Guidewire Insertion
Around the Acetabular Rim

The PSG design is matched with the bony surface
of the acetabular rim and/or the bony surface
inside the acetabulum, avoiding contact with the
remaining degenerative cartilages [6, 7, 15]. PSG
has one hole for guidewire insertion around the
acetabular rim. This guidewire regulates the di-
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Table 23.1 Comparison of accuracy of PSGa for cup implantation in THAb

Subjects (hips) PSG+ type Inclination (◦) Anteversion (◦)

Hananouchi et al. [6] Clinical (24) Type 1. Outside parallel guidewire 2.8 ± 2.1 3.7 ± 2.7

Hananouchi et al. [7] Clinical (38) Type 1. Outside parallel guidewire 3.2 ± 2.3 3.7 ± 2.7

Zhang et al. [10] Clinical (11) Type 2. Reaming guidewire 1.6 ± 0.4 1.9 ± 1.1

Buller et al. [12] Model bone (14) Type 2. Cup holder guidewire 1.4 ± 0.2 5.2 ± 5.5

Sakai et al. [14] Cadaveric (8)
cadaveric (8)

Type 3. Non-anterior rim contact 6.7 ± 4.2 8.4 ± 4.8

Type 3. Anterior rim contact 3.4 ± 2.1 6.6 ± 4.7

Small et al. [15] Clinical (18) Type 1. Parallel guidewire −1.96 ± 7.3 −0.22 ± 6.9

Values are mean ± standard deviation
aPatient-specific surgical guide
bTotal hip arthroplasty

rection, namely, inclination and anteversion of
the acetabular component, based on preopera-
tive planning. After reaming the acetabular bone
and preparing the acetabular component, the cup
holder is parallel to the guidewire, and the sur-
geons hit the cup holder to implant the acetabular
component. The accuracy between the preopera-
tive planning and cup implantation is determined
by comparing the preoperative and postopera-
tive CT data, and the absolute errors have been
reported to be 3.2 ± 2.3◦ in the inclination of
the acetabular component and 3.7 ± 2.7◦ in the
anteversion of the acetabular component [7].

23.5.2 Type 2: Guidewire Inside
the Acetabulum

PSG is designed and manufactured as the above-
mentioned type. PSG has one hole for guidewire
insertion or for the reaming handle/cup holder
inside the acetabulum [10, 12]. This guidewire
regulates the two-dimensional position and the
direction (inclination and anteversion) of the ac-
etabular component based on preoperative plan-
ning. Surgeons use the hollow reamer holder
through the guidewire and prepare the acetabu-
lar component implantation. After reaming, sur-
geons use the hollow cup holder through the
guidewire and implant the acetabular component.
The accuracy between the preoperative planning
and cup implantation is determined by comparing
the preoperative and postoperative CT data, and
the absolute errors have been reported to be
1.6 ± 0.4◦ in the inclination of the acetabular

component and 1.9 ± 1.1◦ in the anteversion of
the acetabular component [10].

23.5.3 Type 3: Reaming Guide
and Cup Holder in the
Acetabulum (Fig. 23.2)

The PSG design is matched with the bony surface
of the acetabular rim, avoiding contact with the
remaining degenerative cartilages. PSG has one
hole where the reamer handle and the cup holder
pass [14]. It regulates both the two-dimensional
position and the direction (inclination and antev-
ersion) of the reamer handle and cup holder based
on preoperative planning. Although this PSG
can theoretically regulate the three-dimensional
position including the depth of the acetabular
component, cup impaction affects the PSG set-
ting. In a cadaver study, the absolute errors have
been reported to be 3.4 ± 2.1◦ in the inclination
of the acetabular component and 6.6 ± 4.7◦ in
the anteversion of the acetabular component [14].
These PSGs have the risk of moving because of
the tremor of the reamer and the cup impactor,
and it is difficult to use clinically.

23.6 PSGs for the Conventional
Femoral Component (Fig.
23.3)

There are two types of PSGs according to the
functional classification: (1) a PSG that regulates
the height and the direction of the neck cutline
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Fig. 23.2 PSG for
acetabular component.
This PSG regulates the
direction and
three-dimensional position
of the reaming guide and
the cup holder in the
acetabulum

Fig. 23.3 PSG for the conventional femoral component. PSG regulates the height and the direction of the neck cutline.
(a) PSG for the posterolateral approach, (b) PSG for the anterior approach

[14, 18] and (2) a PSG that regulates the coro-
nal/sagittal alignment and the anteversion of the
femoral component.

23.6.1 Type 1: PSG Regulates
the Height and the Direction
of the Neck Cutline

The PSG design is matched with the bony surface
of the femoral neck [14]. The posterior aspect is
chosen as the PSG positioning area in the poste-
rior approach, while the anterior aspect is chosen
in the anterior approach [18]. PSG regulates the
height and direction of the neck cutline. Through
the metal slit, the blade contacts the bony surface
and cuts the femoral neck. After the neck cut, the

conventional stem is inserted and fixed based on
the neck cutline, including height and direction.
In the cadaver study, the absolute errors between
the preoperative planning and postoperative stem
implantation, by comparing the preoperative and
postoperative CT data, are 1.4 ± 0.8◦ for the
coronal alignment (varus/valgus), 3.0 ± 1.4◦
for the sagittal alignment (flexion /extension),
and 0.7 ± 0.5 mm for the medial neck-cut
height in posterior THA [14]. The absolute
errors are 0.6 ± 0.6◦ for the coronal alignment
(varus/valgus), 1.0 ± 0.9◦ for the sagittal
alignment (flexion /extension), and 1.0 ± 1.1 mm
for the medial neck-cut height in anterior THA,
and there were significant differences in the
sagittal alignment and medial neck-cut height
compared with control (without PSG) [18].
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23.6.2 Type 2: PSG Regulates
the Coronal/Sagittal
Alignment
and the Anteversion
of the Femoral Component

PSG is designed and manufactured as the above-
mentioned type. This PSG regulates the height,
the coronal/sagittal alignment, and the antever-
sion using the additional part attached to the
neck-cut plane. After the neck cut, the conven-
tional stem is inserted and fixed based on the neck
cutline, including height and direction as well as
the anteversion direction.

23.7 PSG for the Resurfacing
Femoral Component (Fig.
23.1c)

The PSG design is matched with the bony surface
of the posterior aspect of the femoral neck and
the saddle. This PSG regulates the position on the
femoral head and the direction (stem-shaft angle
and anteversion) of the guidewire insertion. PSG
for the resurfacing femoral component is most
practical [8, 9, 11, 13, 14], and optimal results
have been reported (Table 23.2). The precision of
the procedure using PSG has been reported to be
as excellent as the CT-based navigation system
[13].

23.8 PSG for the Corrective
and Shortening Osteotomy
Combined with THA

In some hip osteoarthritis patients who
underwent preoperative femoral osteotomy, THA
combined with the corrective and shortening
osteotomy is needed. For such cases, PSG is
useful like PSGs in the corrective osteotomy for
the deformed upper extremities [19]. The PSG
design is matched with the bony surface of the
deformed femur. This PSG regulates the angle
of the corrective osteotomy and the shortening
distance.

23.9 Discussion

To confirm PSG setting as the preoperative plan-
ning, namely, without no gap between PSGs and
the bone surface in every direction, the removal
of soft tissues and preparation is necessary. On
the other hand, in CT-based navigation system
[17], because the tip of the probe that acquires
the bone surface information can reach to the
bone surface through the soft tissue, the complete
removal of soft tissues is not necessary. Com-
pared with CT-based navigation system, PSGs
for THA do not always mean minimal invasive
surgery.

Table 23.2 Comparison of accuracy of PSGa for femoral guidewire insertion in resurfacing THAb

Subjects (hips) PSG design Stem-shaft angle (◦) Anteversion (◦)
Insertion point
(mm)

Kunz et al. [8] Clinical (45) 1.14 4.49

Raaijmaakers et al. [9] Clinical (5) 2.02 (1.5 2.9) 1.84 (1.6 2.1)

Andenaert et al. [11] Clinical (6) 4.1 ± 1.8 2.7 ± 2.0

Sakai et al. [14] Cadaveric (8) Narrow-base-
contact

2.6 ± 2.8 2.4 ± 1.8 3.7 ± 2.6

Cadaveric (8) Wide-base-
contact

0.8 ± 0.6 1.7 ± 2.0 2.6 ± 1.5

Values are mean ± standard deviation
aPatient-specific surgical guide
bTotal hip arthroplasty
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The accuracy of PSG setting depends on the
PSG design, including the width of bone contact
surface. In PSGs for the femoral neck cut through
the anterior approach [18], PSG setting accuracy
was worse in the narrow-based PSG than wide-
based PSG, while there were no significant dif-
ferences in PSGs for the neck cut through the
posterior approach [14]. In PSGs for acetabular
component implantation, the absolute errors were
significantly worse in the inclination angle and
the anteversion of the cup in non-anterior contact
type than in all-contact type [14].

The PSGs for reaming and fixation of the
acetabular component have the risk of moving
because of the tremor of the reamer and the cup
impactor. The absolute errors of cup inclination
and anteversion in the cup fixation were signif-
icantly larger than PSG setting errors [14], and
it is difficult to use practically. PSGs for the
acetabular component that indicate inclination
and anteversion of the acetabular component [6,
7, 10, 12, 15] showed lower errors as other
computer-assisted devices such as mechanical
navigation instrument (inclination, 1.3 ± 3.4◦;
anteversion, 1.0 ± 4.1◦ ) [16] and CT-based
navigation (inclination, 1.5 ± 3.5◦; anteversion,
1.4 ± 5.6◦ ) [17], and they may be practical in
clinical use.

The PSGs for femoral neck cut in conven-
tional THA [14, 18] and those for resurfacing
[8, 9, 11, 13, 14] were practical in clinical use
because the accuracy of PSGs is reasonable,
and the skin incision is not necessarily extended
longer than 10 cm.

23.10 Conclusion

PSG for THA is a convenient surgical instrument
and implicated in the ideal positioning of the
acetabular and femoral components. PSG based
on preoperative CT data is dominated over MRI.
PSG for guidewire insertion and PSG for bone
cutting were practical in clinical use. PSG po-
sitioning accuracy depends on the PSG design
with bone contact area and surgical preparation
in contact area on the bone surface.
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Abstract

In orthopaedic bone tumour surgery,
surgeons perform malignant bone tumour
resections with tumour-free margin. The bone
defects following the resections have to be
reconstructed to restore limb function. An
inaccurate resection with positive surgical
margin increased the risk of local recurrence
and compromised patients’ survival. Conven-
tionally, orthopaedic tumour surgeons analyse
two-dimensional (2D) imaging information
and mentally integrate to formulate a three-
dimensional (3D) surgical plan. It is difficult
to translate the surgical plan to the operating
room in complex cases.

Computer-assisted tumour surgery (CATS)
has been developed in orthopaedic oncology
for the last decade. The technique may
enable surgeons’ 3D surgical planning and
image-guided bone resection as planned. The
technique may apply to difficult surgery in
pelvic or sacral tumours, limited resection
in joint-preserving tumour surgery or bone
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defect reconstruction using CAD prostheses
or allograft.

Early results suggested that the technique
may help in safe tumour resection and im-
prove surgical accuracy by replicating the pre-
operative planning. The improved surgical ac-
curacy may offer clinical benefits.

Surgeons have to be aware of the potential
errors of the technique that may result in inac-
curate bone resections with possible adverse
clinical outcomes. Given that bone sarcoma
is rare, the published reports from different
tumour centres could only analyse relatively
small patient population with the hetero-
geneous histological diagnosis. Multicentre
comparative studies with long-term follow-up
are necessary to confirm its clinical efficacy.

This chapter provides an overview of
computer navigation in orthopaedic tumour
surgery over the past decade. It (1) describes
the current workflow, (2) reports the clinical
indications and results and (3) discusses its
limitations and future development.
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24.1 Introduction

In orthopaedic bone tumour surgery, surgeons
perform malignant bone tumour resections with
tumour-free margin. The bone defects following
the resections have to be reconstructed to restore
limb function. An inaccurate resection with pos-
itive surgical margin increased the risk of local
recurrence and compromised patients’ survival
[1–3]. On the other hand, bone resections with
incorrect orientation may affect the matching of
prostheses or allograft to the resection defects,
leading to inferior limb function. Therefore, ac-
curate surgical planning and implementation of
the bone resection and reconstruction are crucial
to bone tumour surgery.

Conventionally, orthopaedic tumour surgeons
analyse all the two-dimensional preoperative im-
ages and have to integrate and formulate a three-
dimensional surgical plan mentally. The mental
planning and its translation to the operating room
are difficult, particularly in cases with complex
anatomy and proximity to nearby neurovascular
structures, like pelvic or sacral tumours, or tech-
nically demanding operations, like geometric or
joint-preserving tumour resections. In an experi-
mental study, four experienced tumour surgeons
operated on simulated pelvic models. An expe-
rienced surgeon could obtain a 10-mm surgical
margin with a 5-mm tolerance above or below in
a probability of only 52% (95% CI 37–67). Also,
the host-graft contact for reconstruction was re-
ported to be poor [4]. Surgeons may tend to resect
more healthy tissue than oncologically necessary
to ensure adequate surgical margins. Thus it may
result in less favourable reconstruction and limb
functions. Therefore, tumour surgeons need to
embrace new techniques that can improve sur-
gical accuracy by replicating the intended bone
resections in the operating rooms.

Computer navigation surgery connects
between the patient’s imaging information
and anatomy through the use of tracking
and registration of the preoperative and/or
intraoperative acquired images. Studies showed
that computer navigation technology improves
the accuracy of various orthopaedic surgical

procedures, such as pedicle screw placement
in spine surgery, joint replacement and trauma
surgery [5–11]. This computer-assisted approach
has created considerable interest among
orthopaedic tumour surgeons after the use of
CT-based navigation first reported in assisting
pelvic and sacral tumour resection in 2004 [12,
13]. The reports suggested that the computer-
assisted approach can potentially increase
accuracy in tumour resections with anatomic
and surgical complexity [13]. However, neither
MR images that are essential for planning bone
tumour surgery nor any specific planning process
was used for tumour surgery in the reports.
Since then, computer-assisted tumour surgery
(CATS) has been developed rapidly for the last
decade. This chapter provides an overview of
the emerging techniques in computer-assisted
surgery in bone tumour surgery over the past
decade. It (1) describes the current workflow, (2)
reports the clinical indications and results and (3)
discusses the limitations and future development
of orthopaedic malignant bone tumour surgery.

24.2 Clinical Workflow of CATS

The CATS workflow consists of the essential
steps for performing a complex bone tumour
resection and reconstruction, from preoperative
planning to intraoperative implementation (Fig.
24.1). Preoperative computer-assisted planning is
emphasised in the workflow. It is equally im-
portant as the computer navigation that is used
initially as an intraoperative tool to locate the
surgical anatomy [14]. The more detailed the
planning is, the higher chance the surgical goals
can be attained. The CT-based navigation has
been adopted as the image-based navigation sys-
tem to implement the 3D surgical plan in bone
tumour surgery.

24.2.1 Preoperative Navigation
Planning

In contrast to the surgical plan in other
orthopaedic disciplines, bone tumour surgery
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Fig. 24.1 Summarises the clinical workflow of CATS from preoperative planning to intraoperative implementation

involves analysis of multimodal preoperative
images to determine the amount of resection and
the choice of bone reconstruction. 3D surgical
planning has been described in the navigation
system that might facilitate the process of the
complex surgical planning [15–18]. CT and MR
images are both essential preoperative images for
planning a bone tumour resection. CT provides
good bony details, whereas MR images are
better at indicating the extent of a tumour and
its relationship with nearby vital structures.
Overlapping MRI over CT images with the same
coordinates produces fusion images that combine
the characteristics of each imaging modality [19]
(Fig. 24.2a–d). Tumour extent is outlined on MR
images, whereas a 3D bone model is produced
by adjusting the contrast level of the CT images.
The 3D bone model and the segmented tumour
volume then create a 3D bone tumour model
(Fig. 24.3a, b). Surgical approach and the sites
of bone resections can be planned, based on the
reformatted 2D fused images and the 3D bone
tumour model in the navigation system (Fig.
24.3a, b). As the navigation system only accepts

medical imaging data in Digital Imaging and
Communications in Medicine (DICOM) format,
it does not offer complex surgical simulation
on these data. A technique of integrating
computer-aided design (CAD) planning, like
virtual resections, CAD implants or allograft
bone models into the CATS planning, has been
developed [20]. CAD planning and CAD custom
prostheses can be translated and visualised in
the navigation system (Fig. 24.4b–e). It greatly
enhances the capability of navigation planning in
bone tumour surgery.

24.2.2 Intraoperative
Implementation

After the bone tumours are exposed using tradi-
tional surgical techniques, a patient’s tracker is
placed in the operated bone. A navigation probe
is calibrated with the navigation system. Sur-
geons then performed an image-to-patient reg-
istration that is the most critical operative step
for the overall accuracy of CATS technique. The
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Fig. 24.2 (a–d) CT/MR fusion images are shown in the
navigation display in a 30-year-old patient with low-grade
osteosarcoma at left superior pubic rami and part of an
anterior column of the left acetabulum. The contour of
pelvic bone from both CT and MR images coincides with
<1 mm error. Pelvic bone was created after adjusting the

threshold level of CT images. The extent of the tumour
(yellow) was also outlined from MR images. All the
reformatted, fused coronal image (a), sagittal image (b)
and axial image (c) and the 3D bone tumour model (d)
were used for the bone resection planning

Fig. 24.3 Shows the planes of bone resection (red ar-
rows) in the 30-year-old patient with low-grade osteosar-
coma at the left superior pubic ramus and the anterior col-
umn of the left acetabulum. The 3D bone tumour model (a

in the frontal view and b in left oblique view) facilitated
the resection planning with tumour-free margin, whereas
the limited resection could preserve the posterior column
of the left acetabulum for better function
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Fig. 24.4 Illustrates CATS in a 14-year-old boy with
high-grade osteosarcoma at the metaphysis of the left dis-
tal femur undergone a joint-preserving tumour resection
and reconstruction with a custom prosthesis. (a) shows
the intra- and extraosseous extent of osteosarcoma (red
arrows) at the left distal femur on the coronal view of MR
images. Coronal view (b), sagittal view (c), axial view (d)
of CT images and 3D model (e) show the integration of
CAD model of the custom implant that matched to the
planned bone resections (red arrows) in the navigation
display. (f) A patient’s tracker was placed at 2 cm above
the proximal tumour edge after the distal femur was

surgically exposed via an anterolateral approach. The
entry sites of the planned bone resections were identified
by a navigation pointer under the real-time navigation
guidance and were marked by a diathermy (white arrow).
The bone resection was then completed by an oscillating
saw or thin osteotomes along an orientation guided by the
navigation pointer. (g) shows good matching of the CAD
prosthesis to the epiphysis of the knee joint (white arrow).
(h) shows the plain radiograph of his knee joint with good
osseointegration of the distal epiphysis to the prosthesis
2.5 years after the surgery

registration is a process in which the preoper-
atively acquired imaging data is linked to the
patient’s anatomy of the operative site. Man-
ual registration using paired points and surface
matching is performed. In addition to the regis-
tration error generated from the navigation ma-
chine, the registration accuracy is further verified
by checking some anatomical landmarks or trac-
ing the exposed bone surface with a navigation

pointer (Fig.24.5a–d). Only if patients’ operative
anatomy can be matched to their preoperative
images and the operated bones can be physically
tracked by the navigation system, surgeons can
trust and rely on the virtual images to execute
their 3D surgical plans. As the current navigation
system cannot integrate a navigated saw, the
sites of intended osteotomies are identified by
the navigation. The osteotomies are then made
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Fig. 24.5 (a–d) The intraoperative navigation screen
shows the surface matching in the 14-year-old boy with
high-grade osteosarcoma at the metaphysis of the left
distal femur undergone a joint-preserving tumour resec-
tion and reconstruction with a custom prosthesis. The
registration error was 0.8 mm after 218 bone surface
points were collected from the bone surface. The virtual
tip (orange cross) of the navigation pointer (green line)

was exactly on the bone surface on the coronal view (a),
sagittal view (b), axial view (c) of CT images and 3D
bone model (d) while the surgeon moved the tip of the
navigation pointers on the bone surface. It represented the
real-time matching between the virtual images and the
patient’s anatomy. The registration was considered to be
accurate for subsequent implementation of the navigation
planning

manually, while the orientation of the saw blade
is guided by the navigation pointer. Surgeons can
also assess the resection margin with the navi-
gation system. As the patient’s trackers are still
attached to the tumour specimens or remaining
bones following tumour resection, the image-
to-patient registration is valid. By placing the
tip of the navigation probe at the planes of the
achieved bone resection, surgeons can visualise
their achieved bone resections with regard to the
planned resections and intraosseous tumour edge.
It is in stark contrast to intraoperative frozen sec-
tions that only gives positive or negative resection
margins.

24.3 Clinical Indications
and Results

Given the complexity of 3D surgical planning
and the additional resources required for
intraoperative implementation, the CATS
technique is not for routine use in bone tumour
surgery but may be applied in malignant bone
tumours if (1) there are difficulties in achieving
an accurate tumour resection with tumour-free
margin, (2) in obtaining a correct resection to
accommodate a custom tumour implant or (3) in
an allograft shaping to reconstruct a bone defect
after resection [14, 15].
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24.3.1 Pelvic or Sacral Tumour
Resection [Figs. 24.6a–i
and 24.7a–i]

Pelvic or sacral tumour surgery is challenging
due to complex anatomy and proximity to nearby
neurovascular structures. The local recurrence
after pelvic tumour resection (70%) [21] was
higher than that after extremity tumour resection
(14%) [2]. In the recent studies from Cho et
al. [22] and Wong and Kumta [23], 10 and
12 patients, respectively, with pelvic or sacral
tumours underwent tumour resections with the
CATS technique. Negative resection margins
could be achieved in all cases. With a minimum
of 3 years of follow-up, the local recurrence
rates were 20% (2 of 10) and 25% (3 of 12),
respectively. The results were better when
compared with 70% (47 of 67) in a report
of 67 pelvic osteosarcomas operated on with
conventional surgical techniques [21]. Jeys et al.
supported the finding in a series of 31 patients
with pelvic or sacral malignant bone tumours
undergoing resection with CATS technique. The
intralesional resection was mitigated from 29
to 8.7% [24]. The same centre conducted a
retrospective case-control study of 21 patients
with the posterior ilium and sacrum sarcoma. It
also supported that the technique has increased
the patient safety and allows for a better
oncological outcome [25]. Also, CATS may
help preserve unaffected sacral nerve roots
for sphincter function during sacral tumour
resection [22–24]. Therefore, early results of
the CATS technique suggested that the method
may help in safe tumour resection with no
specific complications. It may improve surgical
accuracy by replicating the preoperative planning
at difficult anatomic locations, such as the pelvis
and sacrum, and it may offer clinical benefits.

24.3.2 Joint-Preserving Tumour
Resection [Fig. 24.4a–h]

As CATS enables surgeons to perform complex
osteotomies, more technically demanding oper-
ations such as joint-preserving operations [26–

28] or multiplanar tumour resections [17, 22, 23]
are possible. More conservative resections that
preserve native joints and ligaments may allow
bone reconstruction with better joint function. In
paediatric patients with joint-preserving tumour
resections, the bone and its nearby capsular and
ligamentous attachments are no need to be fully
exposed for marking the resection plane; the
preserved blood supply to the remaining joint can
support its continual growth [28].

24.3.3 Reconstruction with Custom
CAD Prosthesis

CATS may replicate bone resections with
tumour-free margins and correct planes to match
prefabricated CAD prostheses. As surgeons
can define the surgical requirements and the
resection bone defect in the navigation planning
quantitatively, the implant engineers can design
and fabricate CAD prostheses that are both
patient- and tumour-specific. Also, incorporation
of CAD data of prostheses into the navigation
system greatly facilitates the resection planning
and custom prosthetic reconstruction [20].
Therefore, the technique may thus allow one-
stage operation from planning, complex implant
fabrication and tumour resection to implant
placement (Fig.24.8a–f).

24.4 Limitations

As surgeons use virtual images to assist bone re-
sections, surgeons should clearly understand the
potential errors of CATS technique. The success
of the method depends on how surgeons can min-
imise the errors. Incorrect interpretation of the
navigation information may result in inaccurate
bone resections with possible adverse clinical
outcomes. CATS errors have been described be-
fore [28]. CATS technique has been criticised for
being difficult to learn. In a study of 78 bone tu-
mour patients undergoing resection with CATS,
intraoperative technical problems resulted in the
navigation part not being completed in only 4 of
78 patients (5%), which occurred during the first
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Fig. 24.6 Illustrates CATS in the 30-year-old patient
with low-grade osteosarcoma of the left pelvis undergone
partial acetabular resection. The coronal view of CT
image (a) shows an osteolytic lesion (red arrows) at the
left superior pubic ramus extending to the anterior column
of the left acetabulum. The axial view of MR image (b)
shows the tumour (red arrow) involving the anterior col-
umn of the left acetabulum. (c) After ilioinguinal surgical
exposure with the protection of femoral neurovascular
bundle, the sites of partial resection at the anterior column
were identified under navigation guidance by a navigation
pointer (white arrow). The navigation display shows that
the tip and trajectory of the navigation pointer (green

line) were at the planned resection (blue line) at the
left acetabulum on the coronal view (d), sagittal view
(e), axial view (f) of CT images and 3D bone tumour
model (g). (h) The sites of partial acetabular resection
(white arrows) were marked by diathermy at the acetab-
ular cartilage, whereas the posterior column of the left
acetabulum could be preserved for the reconstruction. (i)
shows the postoperative radiograph of his pelvis after
tumour resection and hip reconstruction. The acetabular
defect was built with the ipsilateral femoral head, and
a conventional total hip replacement was performed to
restore the hip function

20 cases of the utilisation of the technology [29].
Soft tissue deforms and its spatial coordinates
change after surgical exposure and is different
from that of preoperative imaging. Therefore,
CATS technique only improves the accuracy of
bone resection but not soft tissue resection that
requires traditional surgical technique. The per-
formance of the CATS technique is only as good
as raw imaging data. Better quality of each imag-
ing modality and shorter time between imaging
and surgery to avoid a change in tumour size

are crucial to navigation planning. The chance of
achieving an accurate resection as planned will
be higher [19].

24.5 Future Developments
of CATS

Given that primary malignant bone tumour is
rare, the published reports from different tumour
centres could only analyse relatively small pa-



24 Computer Navigation in Orthopaedic Tumour Surgery 323

Fig. 24.7 Illustrates CATS in a 61-year-old patient with
sacral chordoma (S1 and below) undergone subtotal
sacrectomy. The sagittal view of MR image (a) shows
sacral tumour extending proximally to the S2 vertebral
body (red arrow). The coronal view of CT image (b)
shows the tumour involving S2 and left S1 vertebral bod-
ies. The navigation display shows the planning of subtotal
sacrectomy with tumour-free margin on the axial view (c),
sagittal view (d), coronal view (e) and 3D bone tumour

model (f) (yellow arrows). (g) The posterior sacrum was
exposed, and a navigated bone burr was used to identify
and resect part of the left sacroiliac joint (yellow arrow).
(h) Right S1 nerve root (yellow arrow) was preserved
after subtotal sacrectomy. (i) shows the coronal view of
postoperative CT image. Besides the S1 nerve root, both
sacroiliac joint could be retained for the pelvic and sacral
continuity in which lumbopelvic reconstruction might
have been required if total sacrectomy was contemplated

tient population with the heterogeneous histolog-
ical diagnosis. The retrospective nature of the
studies and the inconsistent method of assessing
margins and surgical accuracy of the technique
make the comparison difficult. These prevent re-
searchers from drawing a solid conclusion on the
clinical efficacy of the technique in bone sarcoma
surgery.

As the navigation-assisted technique involves
multiple steps from preoperative planning on
acquired medical images to the intraoperative
implementation of the surgical plans, the surgical

accuracy of the method regarding the errors from
each step should be defined. The deviation errors
can be calculated when the planes of the achieved
bone resections are compared with that of the
planned resections [18, 23]. As the technique in-
volves digital data, a more comprehensive data on
surgical margin, including the spatial relationship
to tumour extent, may be obtained. The clinical
efficacy can be better investigated if researchers
are using the same method of measuring sur-
gical accuracy and margins in the context of
navigation-assisted tumour surgery.
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Fig. 24.8 In a 21-year-old patient with left proximal
femur low-grade chondrosarcoma undergoing one-staged
limited resection with preservation of hip joint, a CAD
block prosthesis (a, b) was used for the reconstruction.
(c) shows the radiograph of her left hip 9 years after

surgery. In a 16-year-old patient with right acetabular
osteosarcoma undergoing one-staged right acetabulum
resection, a CAD pelvic prosthesis (d, e) was used for the
hip reconstruction. (f) shows the radiograph of her pelvis
10 years after surgery

The navigation-assisted technique requires
large and costly navigation facilities and the
presence of an operator in the operating theatre
and lacks the industrial support of making a
reliable navigated saw or osteotome [20, 30,
31]. An alternative of using 3D printed patient-
specific instrument (PSI) has been reported to
replicate bone resections, and surgeons can focus
on the operative field rather than looking at
the virtual images on the navigation display
while performing bone resections [20]. One
criticism on PSI-guided tumour resection is
the possible error in placing the PSI on the
predetermined bone surface. In contrast to the
navigation-assisted tumour resection that we can
intraoperatively verify the registration accuracy,
it is not possible to perform similar verification in
PSI placement. We can only assess subjectively

if the PSI had an identical fit on the patient’s
bone surface and the 3D printed bone model
surface. Further studies are required to determine
how much bone contact surface is necessary
for the consistently accurate placement of the
PSI [32]. One recent cadaveric simulation study
comparing navigation- and PSI-assisted pelvic
bone resections showed that both techniques
could achieve similar accuracy with a mean
deviation error of 2 mm, but the PSI technique
required less resection time [32]. The exact
clinical efficacy of the two methods remains
to be seen in bone tumour surgery in the future.

As the current navigation system cannot pro-
vide the advanced surgical planning, like vir-
tual resection, prosthetic/allograft reconstruction
and direct exchange of the digital planning data
with implant engineers, a unified computing plat-
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form should be developed to enable a seamless
communication among involved care providers
for customised patient treatment. Surgeons may
choose which tools are more suitable for their
patients [14].

24.6 Conclusion

Computer-assisted technology for orthopaedic
bone tumours surgery has advanced rapidly for
the last decade. Current evidence suggests that
CATS may enable surgeons to replicate planned
bone resections in bone tumours in an accurate
and precise manner. It may result in better
clinical outcomes. Given the complexity of CATS
planning, additional time for intraoperative setup
and unproven superior clinical efficacy than the
traditional method, the technique may apply to
difficult anatomical sites such as pelvic or sacral
tumours, limited resection in joint-saving tumour
surgery or complex reconstruction with CAD
prostheses or allograft. Multicentre comparative
studies with long-term follow-up are necessary
to confirm its clinical efficacy.
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25Sensor-Based Soft Tissue Balancing
in Total Knee Arthroplasty
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Abstract

Total knee arthroplasty (TKA) is a highly suc-
cessful procedure with utilization expected to
grow substantially over the coming decades.
However, the revision burden has not con-
currently improved, with over 30% of revi-
sions related to technical imperfections (Mul-
hall KJ, Ghomrawi HM, Scully S, Callaghan
JJ, Saleh KJ, Clin Orthop Relat Res 446:45,
2006; Sharkey PF, Hozack WJ, Rothman RH,
Shastri S, Jacoby SM, Clin Orthop Relat Res
404:7, 2002; Wylde V, Hewlett S, Learmonth
ID, Dieppe P, Pain 152(3):566, 2011). Ac-
curate alignment and soft tissue balancing
have been identified as important factors in
mitigating these risks. Historically, accuracy
relating to soft tissue balance has relied upon
surgeon experience and subjective tactile feel.
This chapter will explore the utilization of
intraoperative sensors related to soft tissue
balancing in total knee arthroplasty.
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25.1 Introduction

Total knee arthroplasty (TKA) is one of the
most successful and cost-effective joint replace-
ment procedures currently performed. Despite
this, risk for failure requiring revision at 10 years
postoperatively is nearly 5%, with patients re-
porting dissatisfaction nearly 20% of the time [4,
5]. Infection, instability, pain, and stiffness have
been implicated as the leading causes for revision
and dissatisfaction [2, 5, 6]. Requirements for
a successful TKA are thought to include both
neutral alignment and soft tissue balancing [7, 8].
Recent interest in various alignment parameters
on soft tissue balance and potentially improved
outcomes (Anatomic, Kinematic) are being in-
vestigated [9]. Historically achieving proper soft
tissue balance relies heavily upon the surgeon’s
subjectively perceived tactile feel of ligamentous
tension, surgical training, operative experience,
and overall skill [10].
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Newly emerging intraoperative load-bearing
sensor technology has enabled surgeons to mit-
igate the inherent drawbacks of subjective knee
balancing. This sensor provides dynamic load
pressures visualized through a graphical user
interface display. The surgeon can visualize the
effects of implant rotation and limb alignment on
soft tissue balance through a range of motion.
The surgeon can receive real-time dynamic in-
formation as they adjust rotation, alignment, and
the effects of selective soft tissue releases. Knee
stability, with inter-compartmental balance, has
been shown to be the most important contribu-
tor to improved postoperative outcomes, and the
ability to visualize objective load data is highly
important [4, 11]. There are presently two com-
mercial disposable intra-op devices that utilize
load data during a TKA.

25.2 Intraoperative Load-Bearing
Sensors

Verasense (Verasense Knee System, Orthosen-
sor Inc., Dania Beach, FL) is a sensorized de-
vice that replicates the specific design of the
final polyethylene insert. It is implant agnostic
and presently compatible with Stryker, Zimmer
Biomet, and Smith & Nephew implants. During
trialing, the device replaces the standard tibial
insert trial. The surgeon utilizes the data through
a full range of motion with the patella and capsule
reduced. The wireless device measures inter-
compartmental load pressures, implant congru-
ency, kinetic rollback, and flexion stability. The
pressure differentials, combined with knee po-
sition, guide the surgeon on the specific adjust-
ments related to implant rotation, bony realign-
ments, and selective soft tissue releases. The sys-
tem can be utilized during trialing, cementation,
and post-cementation to confirm knee stability in
the coronal, rotational, and flexion space, with
static and dynamic outputs. The data can be
saved and linked to the patients’ implant, post-op
PROMS, and functional scores (Fig. 25.1).

25.2.1 Benefits of Sensor-Guided
TKA

Current projection models show an exponential
increase in the incidence of TKA which neces-
sitates the development of new technologies to
improve patient outcomes [12, 13]. The use of
quantified intra-op data related to knee balance
and stability is necessary if we are to address
revisions related to imprecise technical factors
and patient dissatisfaction in TKAs.

The use of intraoperative sensors was found to
significantly improve patient-reported outcomes
(Knee Society Score (KSS) and Oxford Knee
Score) in a comparative cohort study of 114
patients (57 manual, 57 sensor assisted) who
received a primary TKA with a 6-month follow-
up [14]. Similarly, in a cohort of 135 sensor-
assisted TKA with a minimum 1-year follow-
up found excellent KSS and Western Ontario
and McMaster Universities Osteoarthritis Index
(WOMAC) scores of 179.3 and 10.4 in KSS and
WOMAC, respectively [11]. Furthermore, soft
tissue imbalance is a known contributing factor
to many of the complications leading to revision
including pain (44%), instability (21%), and joint
stiffness (17%) [1–3]. Soft tissue imbalance may
be due to the subjective nature and static mea-
surements of manual TKA techniques that rely
upon static instruments, surgeon experience, and
tactile feel [15, 16]. In a randomized clinical trial
(RCT), when blinding surgeons to data outputs,
the correlation between their subjective feel of
a balanced knee was correct only approximately
50% of the time [17, 18].

The intraoperative sensor mitigates the
surgeon’s imprecise knowledge of three-
dimensional soft tissue stability through real-
time dynamic quantitative and objective load
data. As described in one study, the sensor
outputs allowed for targeted ligament balancing
with an average of two to three corrections
being needed to achieve ligament balance,
thereby decreasing loading variability and
ligament imbalance [19]. In addition, studies
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Fig. 25.1 Surgeon
evaluates implant rollback
and soft tissue pressures on
computer screen through a
full ROM

have shown a significant reduction in the rate
of postoperative arthrofibrosis/stiffness and
subsequent manipulation under anesthesia when
utilizing intraoperative sensor assistance during
TKA [14, 20]. Further studies on safe zones of
bony alignment (+/− 3 degrees coronal plane)
have found that soft tissue balance obtained with
1–2 degrees of bone adjustments may reduce the
risk of destabilization from an over-released soft
tissue envelope [21, 22].

The sensor can be utilized during revision
surgery to help define the root cause of a painful
knee where x-rays and work-up are negative. This
enables a potentially modified revision leading to
less morbidity and economic resource expendi-
ture (Fig. 25.2).

25.2.2 Surgical Technique

The TKA is performed as per the usual fashion,
with the sensor being utilized during the trialing
phase. After initial trial component placement,
the trial tibial insert is substituted with the sensor
insert. Shims are used to account for thicker
insert sizes.

Tibiofemoral rotational congruency is then
evaluated (determined as the position of the tibia
in relation to the femoral contact point); positive
contact point angles were indicative of internal
rotation, while a negative value indicates external
rotation. Once congruency is obtained, the patella
is then reduced and the capsule closed with towel
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Fig. 25.2 Surgeon identifies malrotation and an over-tensioned lateral compartment in a painful TKA. Revision was
modified to address both issues and a balanced knee was obtained

Fig. 25.3 Surgeon rotates the tibia from IR position to obtain congruency and achieves equalized inter-compartmental
balance

clips prior to range of motion (ROM) as this
has been shown to affect load outputs [23] (Fig.
25.3).

Soft tissue tension is best defined at 10◦,
45◦, and 90◦ of flexion, with the hip and leg
in a neutral position during ROM. A balanced
knee is determined when a mediolateral loading
differential of ≤15 lbs through the ROM with
absolute loading pressures falls between 10 and
40 lbs along with a stable end point (minimal
translation <2 mm) on posterior drawer testing
[11, 24, 25]. Of note, it is important to reference
load pressures during cementation, as elements
of imbalance were observed in 44% of patients
during initial cementing techniques [26].

25.3 Intraoperative Force
Measurement Device

The other commercially available device is
the eLIBRA® dynamic knee balancing system

(DKBS) (Synvasive Technology, Zimmer
®

Warsaw, IN). This knee system allows for
measured balanced resection utilizing an
electronic force measurement device along with
an adjustable femoral component device to
achieve a symmetrical flexion gap. This system
was designed to account for patient variability
that may produce irregularities that occur with
standard techniques that depend upon empirical
anatomical bone landmarks [27]. However, this
device does not measure pressures or tensions
and is only compatible with Zimmer knee
systems and instrumentation.

25.3.1 Benefits of Force
Measurement TKA Flexion
Gap

The force measurement system is designed
to address intraoperative flexion instability
with objective dynamic measurements of inter-
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compartmental soft tissue forces allowing
patient-specific femoral component rotation [28].
In a study of 75 force measurement-assisted TKA
patients, postoperative cone beam computed to-
mography (CBCT) found that there was optimal
orientation of the femoral component with a
mean of 2.18◦ of external rotation [29]. This
study also found an improvement in KSS clinical
and functional scores (preoperative means of
48.35 and 47.53; postoperative means of 88.03
and 91.2 (p < 0.001 for both aspects)) [29].

25.3.2 eLIBRA Surgical Technique

The TKA is approached as per the surgeon’s
usual preferred technique with a modified trial
femur and sensor inserted following the distal
femur and proximal tibia resections with care
to reducing the patella. Alternatively, the force
plate may also be inserted under the trial insert
or gap spacer paddle. The femoral posterolateral
implant is then adjusted to obtain load pressures.
The sensors are outfitted with force transducers
on both the medial and lateral sides which are
represented on a graphical user interface (Fig.
25.4).

The values depicted can range from 1 through
20 with each unit representing approximately 15

newtons (3.4 lbs of force). Following adequate
symmetrical balancing, the femoral rotation is
marked, the trial femoral block is inserted, and
the TKA is completed as usual. The force plate
can be used under the tibial trial for final evalua-
tion.

25.4 Robotic-
and Sensor-Assisted Surgery
Synergy

The future integration of sensors that quantify the
patient’s soft tissue tension, and knee stability
through a full range of motion, enables the robot
to make incremental implant and bone readjust-
ments to allow true customization of a patient’s
total knee soft tissue balance and alignment.

25.5 Conclusion

Intraoperative load-bearing sensors deliver real-
time dynamic and objective load-bearing data
to the surgeon through a full range of motion.
This assists the surgeon in accurately and
consistently balancing the knee during TKA.
The surgeon can now minimize subjective
decisions that can lead to inconsistent surgical

Fig. 25.4 eLIBRA device
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Fig. 25.5 Sensor depicts an over-tension MCL in flexion

Fig. 25.6 Surgeon dynamically pie-crusts the anterior MCL until inter-compartmental balance is obtained

outcomes. The knowledge of the implant design
and how the implants need to be coupled in a
congruent manner through a full range of motion
enables the surgeon to minimize malrotation as a
confounding variable. The safety of pie-crusting
to selectively elongate the soft tissue enables the
surgeon to titrate their releases with resultant
real-time soft tissue tension outputs [30, 31]
(Figs. 25.5a and 25.5b).

The evolution of robotics into the TKA field
now enables surgeons to perform accurate bony
adjustments while obtaining soft tissue balance

within known acceptable alignment parameters.
This is the first step to customize our surgery
to the individual’s specific alignment and soft
tissue signatures. Knowledge of the knee’s ki-
netics (force + motion) in three planes will
continue to evolve the mastery of our surgical
techniques to achieve our evolving data endpoints
(Fig. 25.6).

As machine learning advances, surgeons will
be provided consistent zones and outputs, with
data-driven techniques to improve our outcomes
and potentially match our patient expectations.
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Fig. 25.7 Computer screen displays the alignment, gaps, rotation, and kinetic rollback of the knee during surgery

References

1. Mulhall KJ, Ghomrawi HM, Scully S, Callaghan JJ,
Saleh KJ (2006) Current etiologies and modes of
failure in total knee arthroplasty revision. Clin Orthop
Relat Res 446:45

2. Sharkey PF, Hozack WJ, Rothman RH, Shastri S,
Jacoby SM (2002) Insall Award paper. Why are total
knee arthroplasties failing today? Clin Orthop Relat
Res 404:7

3. Wylde V, Hewlett S, Learmonth ID, Dieppe P (2011)
Persistent pain after joint replacement: prevalence,
sensory qualities, and postoperative determinants.
Pain 152(3):566

4. Gustke KA, Golladay GJ, Roche MW, Jerry GJ,
Elson LC, Anderson CR (2014) Increased satisfac-
tion after total knee replacement using sensor-guided
technology. Bone Joint J 96-b(10):1333

5. Khan M, Osman K, Green G, Haddad FS (2016) The
epidemiology of failure in total knee arthroplasty:
avoiding your next revision. Bone Joint J 98-b(1
Suppl A):105

6. Le DH, Goodman SB, Maloney WJ, Huddleston JI
(2014) Current modes of failure in TKA: infection,
instability, and stiffness predominate. Clin Orthop
Relat Res 472(7):2197

7. Lombardi AV Jr, Berend KR, Ng VY (2011) Neutral
mechanical alignment: a requirement for successful
TKA: affirms. Orthopedics 34(9):e504



334 J. Chow et al.

8. Peters CL, Jimenez C, Erickson J, Anderson MB,
Pelt CE (2013) Lessons learned from selective soft-
tissue release for gap balancing in primary total knee
arthroplasty: an analysis of 1216 consecutive total
knee arthroplasties: AAOS exhibit selection. J Bone
Joint Surg Am 95(20):e152

9. Roth JD, Howell SM, Hull ML (2017) An improved
tibial force sensor to compute contact forces and
contact locations in vitro after total knee arthroplasty.
J Biomech Eng 139(4)

10. Jarvelin J, Hakkinen U, Rosenqvist G, Remes V
(2012) Factors predisposing to claims and compensa-
tions for patient injuries following total hip and knee
arthroplasty. Acta Orthop 83(2):190

11. Gustke KA, Golladay GJ, Roche MW, Elson LC,
Anderson CR (2014) Primary TKA patients with
quantifiably balanced soft-tissue achieve significant
clinical gains sooner than unbalanced patients. Adv
Orthop 2014:628695

12. Inacio MCS, Paxton EW, Graves SE, Namba RS,
Nemes S (1797) Projected increase in total knee
arthroplasty in the United States – an alternative
projection model. Osteoarthr Cartil 25(11):2017

13. Kurtz S, Ong K, Lau E, Mowat F, Halpern M (2007)
Projections of primary and revision hip and knee
arthroplasty in the United States from 2005 to 2030.
J Bone Joint Surg Am 89(4):780

14. Chow JC, Breslauer L (2017) The use of intraop-
erative sensors significantly increases the patient-
reported rate of improvement in primary Total knee
arthroplasty. Orthopedics 40(4):e648

15. Elmallah RK, Mistry JB, Cherian JJ, Chughtai M,
Bhave A, Roche MW, Mont MA (2016) Can we
really “feel” a balanced Total knee arthroplasty? J
Arthroplast 31(9 Suppl):102

16. D’Lima DD, Patil S, Steklov N, Colwell CW Jr
(2007) An ABJS best paper: dynamic intraoperative
ligament balancing for total knee arthroplasty. Clin
Orthop Relat Res 463:208

17. Golladay GJ (2017) Is a surgeon-defined balanced
knee following total knee arthroplasty really bal-
anced? In: ISTA

18. MacDessi S (2017) Accuracy of manual surgeon
defined assessment of soft tissue balance in TKA in
comparison to Verasense sensor-guided measures –
can we detect an unbalanced knee? In: AOA

19. Gustke KA, Golladay GJ, Roche MW, Elson LC,
Anderson CR (2017) A targeted approach to liga-

ment balancing using kinetic sensors. J Arthroplast
32(7):2127

20. Geller JA, Lakra A, Murtaugh T (2017) The use of
electronic sensor device to augment ligament balanc-
ing leads to a lower rate of Arthrofibrosis after total
knee arthroplasty. J Arthroplast 32(5):1502

21. Allen MM, Pagnano MW (2016) Neutral mechanical
alignment: is it necessary? Bone Joint J 98-b(1 Suppl
A):81

22. Verstraete MA, Meere PA, Salvadore G, Victor J,
Walker PS (2017) Contact forces in the tibiofemoral
joint from soft tissue tensions: implications to soft
tissue balancing in total knee arthroplasty. J Biomech
58:195

23. Su EP, Su SL, Della Valle AG (2010) Stiffness
after TKR: how to avoid repeat surgery. Orthopedics
33(9):658

24. Gustke KA, Golladay GJ, Roche MW, Elson LC,
Anderson CR (2014) A new method for defining
balance: promising short-term clinical outcomes of
sensor-guided TKA. J Arthroplast 29(5):955

25. Roche M, Elson L, Anderson C (2014) Dynamic soft
tissue balancing in total knee arthroplasty. Orthop
Clin North Am 45(2):157

26. Chow J, Wang K, Elson L, Anderson C, Roche
M (2017) Effects of cementing on ligament bal-
ance during total knee arthroplasty. Orthopedics
40(3):e455

27. Olcott CW, Scott RD (2000) A comparison of 4 intra-
operative methods to determine femoral component
rotation during total knee arthroplasty. J Arthroplast
15(1):22

28. Camarata DA (2014) Soft tissue balance in total knee
arthroplasty with a force sensor. Orthop Clin North
Am 45(2):175

29. D’Angelo F, Puricelli M, Binda T, Surace MF, Floridi
C, Cherubino P (2015) The use of an electronic
system for soft tissue balancing in primary Total knee
arthroplasties: clinical and radiological evaluation.
Surg Technol Int 26:261

30. Verdonk PC, Pernin J, Pinaroli A, Ait Si Selmi T,
Neyret P (2009) Soft tissue balancing in varus total
knee arthroplasty: an algorithmic approach. Knee
Surg Sports Traumatol Arthrosc 17(6):660

31. Clarke HD, Fuchs R, Scuderi GR, Scott WN, Insall
JN (2005) Clinical results in valgus total knee arthro-
plasty with the “pie crust” technique of lateral soft
tissue releases. J Arthroplast 20(8):1010



26Implant Orientation Measurement
After THA Using the EOS X-Ray Image
Acquisition System

Kunihiko Tokunaga, Masashi Okamoto, and Kenji Watanabe

Abstract

We investigated the accuracy of measuring
implant orientation after THA in standing po-
sition using EOS system (EOS Imaging Inc.,
Paris, France). Ninety patients who underwent
THA were subjected to this study by compar-
ing angles measured by EOS system and those
measured from CT scans using 3D image
analyzing software, ZedHip (LEXI, Tokyo,
Japan). The radiographic cup inclination and
anatomical cup anteversion were measured
with respect to the anterior pelvic plane (APP)
coordinate. The femoral stem antetorsion was
analyzed by measuring the angles between the
stem neck axis and the post-condylar axis in
the femoral functional axis coordinate.

The differences (mean ± SD) (range
of 95%CI) between angles measured by
EOS system and those from CT scans
in the cup inclination, cup anteversion,
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and stem antetorsion were − 2.3◦ ± 2.7◦
(−2.8◦∼ − 1.7◦), −0.1◦ ± 5.0◦ (−1.2◦∼0.9◦),
and − 1.3◦ ± 6.5◦ (−2.7◦∼0.1◦), respectively.
Cup inclination measured on 14 hips, cup
anteversion measured on 28 hips, and stem
antetorsion measured on 27 hips were
classified as outliers whose differences
were over 5◦. Difficulties in defining the
reference points for APP correlated with the
incidences of the outliers in cup orientation
measurements.

We could not set new reference points on
the 3D bone surface models reconstructed by
EOS system, so we have to use reference
points defined on 2D images. In addition, the
APP coordinate in EOS system was not the
same as the standard definition. EOS system
may not be used to measure the implant posi-
tions after THA until these problems will be
improved.

Keywords

Total hip arthroplasty (THA) · Postoperative
evaluation · Implant orientation · EOS
system · Validation
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26.1 Introduction

EOS X-ray imaging acquisition system has sen-
sitive ionization chamber detectors and X-ray
source collimated in a narrow beam. Two co-
linked pairs of linear radiation source and de-
tector are placed perpendicular to each other,
in frontal and lateral positions. Anteroposterior
and lateral X-ray images can be obtained in
standing, squatting, or sitting positions with high-
quality resolution and reduced X-ray exposure
[1]. 3D bone surface models are created using
reference points interactively defined on these
two-dimensional (2D) X-ray images (Fig. 26.1).
We started our THA analysis using EOS system
for the first time in Japan since April 2014.

The gold standard for accurate measurement
of the acetabular cup angles, as well as the
femoral stem angles, is to use CT images, in
which implant angles were directly measured on
the postoperative CT images using 3D image
analyzing software [2–5]. HipMatch provided
accurate implant measurement after THA using
preoperative pelvic CT images and a regular
postoperative anteroposterior pelvic X-ray film
by 2D-3D matching registration [6]. Hip CAS
(LEXI, Tokyo, Japan) enabled us to measure
THA implants with patients in standing positions
by 2D-3D matching procedure between preoper-
ative CT images and postoperative biplanar X-
ray images [7]. However, CT scan has several
problems including radiation exposure and costs.
In addition, it is still time consuming to achieve

accurate 3D measurements with CT scan images.
Even though the radiation dose of current CT
scanners has been reduced less than those of
conventional ones, postoperative routine analysis
using CT scan has not been widely used by most
orthopedic surgeons in the world, except for a
small group of hip surgeons who have preferred
to use computer-assisted orthopedic surgery.

Recently, several applications using EOS sys-
tem have been introduced in various orthopedic
interventions including spine, hip, and lower ex-
tremities [1]. Applications to hip interventions
using EOS system were reported [8–12] in which
EOS system was reported to be a powerful tool
to obtain accurate 3D information of patients
in not only standing but also sitting or squat-
ting positions. However, there were few clinical
studies to investigate the accuracy of measuring
implant orientation after THA using EOS system.
The purpose of this study is to investigate the
accuracy of THA implant angles measured by
EOS systems on Japanese patients taking those
measured from postoperative CT scan as the
ground truth.

26.2 Materials and Methods

Ninety Japanese THA patients (75 females and
15 males, average operative age was 60 years
old) who underwent CT-based navigation surgery
were subjected to this study. These patients were
informed about the study and written informed

Fig. 26.1 The EOS system. (a) Outward form. (b) Sen-
sitive ionization chamber detectors and X-ray sources
collimated in a narrow beam. Two radiographic image

acquisition systems are mounted at right angles to each
other. (c) By digitizing the reference points on 2D images,
a 3D statistical bone model is created semiautomatically
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Fig. 26.2 Measurements of THA implants using EOS
system. (a) Anteroposterior X-ray image and (b) lateral
X-ray image. The sterEOS software implemented in EOS

system demonstrated acetabular cup and femoral stem
angles, as well as several parameters of pelvic and lower
limb alignments

consents were obtained. The study protocol was
approved by the Kameda Daiichi Hospital review
board. The implanted prostheses were 50 of Tri-
dent cups and Accolade TMZF stems (Stryker,
Michigan, USA), 37 of Continuum cups and
CLS stems (Zimmer, Indiana, USA), and 3 of
AMS cups and PerFix stems (Kyocera Medical,
Osaka, Japan). We measured acetabular cup and
femoral stem angles using EOS system in stand-
ing positions at 3 months after surgeries. Cup
and stem angles were measured by the sterEOS
3D software (EOS Imaging Inc., Paris, France)
implemented in EOS system. Specified reference
points on 2D anteroposterior and lateral X-ray
images were digitized according to the manufac-
turer’s protocol. The sterEOS software displayed
cup and stem angles in its specified coordinates
(Fig. 26.2).

These measurements were compared with the
associated angles measured with the 3D image
analyzing software, ZedHip, from postoperative
CT images in supine positions acquired by an
Aquilion PRIME 80-slice CT scanner (Toshiba,
Tokyo, Japan). The CT images were obtained at
6 weeks after surgeries. Digitally reconstructed

radiograph (DRR) procedure implemented
in ZedHip was used to sharpen the implant
contours, by which we could get clear edges
of acetabular cups or the stem necks without
any metal halation. Computer-assisted design
(CAD) models of the acetabular cups or of the
femoral stems were superimposed on contours
of the implants in multiplanar reconstructed
images of the postoperative CT images according
to the manufacturer’s protocol. Then, ZedHip
displayed the acetabular cup or stem neck angles
in its specified coordinate (Figs. 26.3 and 26.4).

According to the cup angle definition of EOS
system, we measured radiographic inclination
and anatomical anteversion of the acetabular cups
[13] with respect to the APP coordinate in both
measurements by EOS system and CT scan.
The stem antetorsion was defined as the angle
between the neck shaft axis and the post-condylar
axis on the profile view of the plane perpendic-
ular to the functional femoral axis (Fig. 26.4a).
The angle differences between EOS system and
CT scan were compared to evaluate the accuracy
of EOS system to measure implant angles after
THA.
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Fig. 26.3 Measurement of acetabular cup angles using
CT scan images and 3D image analyzing software; Zed-
Hip. (a) The CAD of acetabular cup was superimposed
on the contour of acetabular cup in multiple slices of

postoperative CT images. (b) The edge of the acetabular
cup in the postoperative CT was sharpened using DRR
procedure implemented in ZedHip

Fig. 26.4 The femoral coordinate for stem antetorsion.
(a) Definition of the functional femoral axis coordinate in
ZedHip. (b) The femoral stem CAD was superimposed

on the contours of femoral stem in multiple slices of
the postoperative CT. (c) The contours of stem neck was
sharpened using DRR procedure implemented in ZedHip

We defined “outlier” as over 5◦ difference
between the measurements obtained from EOS
system and those measured from CT scan. Based
on whether there is outlier angle or not, the data
were divided into four groups as “all inlier,”
“cup,” “stem,” and “both.” The “all inlier” group
(36 hips) showed differences less than 5◦ in
both cup and stem measurements between EOS
system and CT scan. The “cup” group (31 hips)
showed differences over 5◦ only in cup mea-
surements. The “stem” group (17 hips) showed
differences over 5◦ only in stem measurements.
The “both” group (six hips) showed differences
over 5◦ in both cup and stem measurements.
Then we analyze effects of several parameters
on outliers. Analyzed parameters were pelvic
asymmetry, pelvic sagittal tilt angles in standing

and supine positions (the inclination of the APP
against the perpendicular axis in EOS system and
against the CT table in CT scan), femoral defor-
mity, difficulty in defining the APP, difficulty in
defining cup contours, mismatch of femoral head,
and mismatch of statistical 3D bone modeling
(Figs. 26.5 and 26.6). Kruskal-Wallis one-way
analysis of variance (KW analysis) was used
to analyze the correlation between pelvic sagit-
tal tilt angles and outliers. Chi square analysis
was used to investigate the correlation between
other parameters and outliers. Spearman’s rank
correlation was used to analyze correlation of
measurement values between EOS system and
CT scan. P values less than 0.05 were considered
to be statistically significant. JMP 5.0.1a (SAS
Institute Inc. North Carolina, USA) was used for
statistical analyses.
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Fig. 26.5 Pelvic asymmetry and pelvic sagittal tilt. To digitize optimum reference points was sometimes difficult on a
pelvis with pelvic asymmetry (a) or pelvic sagittal tilt (b)

Fig. 26.6 Mismatch of statistical 3D bone modeling. (a)
CT volume rendering using multiple CT slices. (b) EOS
modeling using biplanar X-ray images. (c: 3D pelvic
models were created using a CT torso phantom (Kyoto
Kagaku. Co. Ltd., Kyoto, Japan). Pelvic models in the left

column were by CT volume rendering, and the ones in the
right column were by EOS statistical bone modeling. The
shapes of the ilium, acetabulum, and ischium were differ-
ent between CT volume rendering and EOS modeling



340 K. Tokunaga et al.

26.3 Results

The radiographic inclination (mean ± SD) of
acetabular cups were 40.3◦ ± 3.6◦ by EOS sys-
tem and 42.6◦ ± 3.5◦ by CT scan, respectively.
The anatomical anteversion (mean ± SD) of
acetabular cups were 21.9◦ ± 11.3◦ by EOS sys-
tem and 22.0◦ ± 9.5◦ by CT scan, respectively.
The neck antetorsion (mean ± SD) of femoral
stems were 30.6◦ ± 13.4◦ by EOS system and
31.9◦ ± 11.9◦ by CT scan, respectively (Table
26.1 and Fig. 26.7). The differences between
EOS system and CT scan (mean ± SD, range of
95% CI) were (−2.3◦ ± 2.7◦, −2.8◦∼ − 1.7◦)
in cup radiographic inclination, (−0.1◦ ± 5.0◦,
−1.2◦∼0.9◦) in cup anatomical anteversion, and
(−1.3◦ ± 6.5◦, −2.7◦ ∼0.1◦) in stem antetorsion,
respectively (Table 26.1).

The correlation coefficients (rho) between the
values measured by EOS sys-tem and by CT scan
were 0.6973 (p < 0.0001) in cup radiographic
inclination, 0.763 (p < 0.0001) incup anatomical

anteversion, and 0.8861 (p < 0.0001) in stem
antetorsion (Table1), respectively.

The incidences of outliers (differences be-
tween values measured by EOS system and CT
scan >5◦) were 14/90 in cup radiographic incli-
nation, 28/90 in cup anatomical anteversion, and
27/90 in stem antetorsion (Table 26.1 and Fig.
26.7).

The SDs of the cup anteversion and the stem
antetorsion were larger than those of the cup
inclination. There were strong correlations in
each measurement between EOS system and
CT scan. However, the scattered grams showed
some outliers in each measurement, especially,
in the cup anteversion and stem antetorsion,
demonstrating over 30% outliers (Table 26.1 and
Fig. 26.7).

In the study of the outliers, there were no
significant differences (p > 0.05) in pelvic asym-
metry, femoral deformity, difficulty in defining
cup contours, mismatch of femoral head, and
mismatch of statistical 3D bone modeling, as
well as pelvic sagittal tilt angles instanding and

Table 26.1 Implants angles measured by EOS system and CT scan

Cup inclination Cup anteversion Stem antetorsion

EOS system 40.3±3.6 21.9±11.3 30.6±13.4

CT scan 42.6±3.5 22.0±9.5 31.9±11.9

Differences(EOS-CT) −2.3±2.7 −0.1±5.0 −1.3±6.5

95% CI of differences −2.8∼−1.7 −1.2∼0.9 −2.7∼0.1

Spearman’s correlation coefficients (rho) 0.6973 (p<0.0001) 0.763 (p<0.0001) 0.8861 (p<0.0001)

Outlier(difference>5◦) 14/90 (17%) 28/90 (34%) 27/90 (31%)

Fig. 26.7 Implant angles measured by EOS system and
CT scan. (a) Radiographic inclination of the acetabular
cups. (b) Anatomical anteversion of the acetabular cups.

(c) Stem antetorsion. X-axis, CT scan measurement; Y-
axis, EOS measurement; black solid line, y = x; dotted
lines indicated ±50 from y = x
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Table 26.2 Effects of pelvic sagittal tilt in standing and supine positions on outliers

All inlier Cup Stem Both KW analysis

EOS system (standing) 0.31±8.1 −0.67±13.8 −1.5±9.1 −2.4±18.3 p = 0.8772

CT scan (supine) 2.5±6.3 2.3±9.7 2.0±8.3 4.8±10.2 p = 0.7300

N 36 31 17 6

Fig. 26.8 Effects of
difficulty of APP
definition, X2: p = 0.0252

supine positions (Table 26.2). However, difficulty
in defining APP demonstrated significant differ-
ences (p = 0.0252) (Fig. 26.8).

26.4 Discussions

There are a few modalities which provide 3D
skeletal information of patients in standing
position. HipCAS is one of the modality by
which we can measure 3D hip alignments using
biplanar X-ray images in a standing position
and preoperative CT scan images with 2D-3D
registration procedure [7]. However, biplanar X-
ray images in HipCAS are obtained sequentially
which may cause mismatch of 2D-3D regis-
tration if there is patient’s movement during
radiography. EOS system solved this problem by
using of two pairs of perpendicular-positioned
radiation sources and detectors which allow
simultaneous capture of anteroposterior and
lateral radiographs. These biplanar X-ray images
enable us to create a precise 3D reconstruction of
skeletal system because the images are captured
in a spatially calibrated manner [1]. In this
study, we successfully measured implant angles

after THA in standing positions by using of
EOS system. There were strong correlations
in measurement values between EOS system
and CT scan. However, we identified non-
negligible (over 30%) outliers, especially in cup
anteversion and stem antetorsion, showing over
5◦ differences between EOS system and CT scan
(Table 26.1 and Fig. 26.7).

Journe et al. [14] compared angles of an ac-
etabular cup implanted into a single cadaveric
pelvis between EOS system and CT scan. The
errors of EOS system in comparison with CT
scan were 2.6◦ in inclination and 6.6◦ in antev-
ersion, respectively. However, the pelvic coor-
dinate systems used to measure the inclination
and anteversion were not the same between EOS
system and CT scan [14]. Guenoun et al. [15]
reported a basic study for the stem implanted
into the femoral model bones by comparing mea-
surements obtained by EOS system and those
measured from CT scan. Acceptable averages ±
SDs of crude measurement values, strong corre-
lation between measurements obtained by EOS
system and those measured from CT scan, and
reproducibility of the measurement procedures
were presented. However, there were no descrip-
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tion about differences of each measurement be-
tween EOS system and CT scan [15]. From their
data, the previous basic accuracy studies using
cadaveric or model bones were not reliable to
understand real accuracy of 3D measurement
after THA using EOS system.

Several factors which may affect outliers were
investigated in this study. Difficulties to define
APP demonstrated statistically significant dif-
ferences. We used APP coordinate because the
coordinate for angle measurements should be the
same in both modalities. Even though EOS sys-
tem provided biplanar anteroposterior and lateral
images with high resolution, in some cases, it was
quite difficult to identify bilateral anterior supe-
rior iliac spines or symphysis pubis on 2D X-ray
images, especially in the patients with asymmet-
ric pelvis or with sagittal pelvic tilt (Fig. 26.5).

The accuracy studies showed that the 3D spine
or femoral models created from the biplanar X-
ray images in EOS system provided clinically
acceptable accuracies [16] [17]. Even though we
can create 3D bone surface models by digitizing
reference points on EOS X-ray images, these
bone models were sometimes quite different from
the 3D bone models created from CT images.
So far, we could not find accuracy studies of
3D pelvic bone model created by EOS system.
Surprisingly, non-negligible differences were de-
tected when we compared the 3D bone surface
models created by EOS system and those created
from a CT scan using a CT torso phantom (Kyoto
Kagaku Co. Ltd., Kyoto, Japan) (Fig. 26.6). The
second weak point of these 3D bone models cre-
ated by EOS system is that we cannot place any
reference points on the 3D bone models. There-
fore, only 2D information can be used when we
collect reference points for measurements.

After discussion about these outliers in mea-
surements of the implant alignment after THA
with engineers from EOS Imaging Inc., we re-
alized that the APP coordinate in EOS system
was different from the standard APP definition.
In EOS system, the X-axis for measurements was
always shifted to be parallel to the line between
the acetabular centers. Namely, the X-axis of
each APP coordinate in EOS system was not the
X-axis of the standard APP definition. Therefore,

we could not make conclusion about accuracy in
acetabular cup measurements by EOS system.

For the femoral coordinate in EOS system, the
Z-axis was the functional femoral axis in which
femoral head center was used. The femurs of
Japanese patients who are suffering from sec-
ondary osteoarthritis due to developing dysplasia
of the hip often show deformed femoral head.
In such cases, it is difficult to identify the real
femoral head center. Thus, many Japanese hip
surgeons using computer-assisted surgery prefer
to use the post-condylar tabletop coordinate for
femoral measurements, such that the femoral
head center is not used. We also realized that
the distal points of the functional femoral axes
were different between EOS system and Zed-
Hip. The intercondylar notch was used in EOS
system while the midpoint between the bilateral
epicondyles was used in ZedHip. The definition
for the distal point of femoral axes is still open
for discussion [18–21]. When the femur rotates
around the Z-axis, to define the intercondylar
notch in 2D X-ray images is sometimes diffi-
cult. Because 3D bone models created from CT
images are available for us, we prefer to use
the midpoint between the bilateral epicondyles to
define the functional femoral axis.

To reduce errors during 3D measurements,
Kai proposed full automatic approach to decide
reference points [22]. Uemura et al. presented
automated 2D-3D registration between preopera-
tive CT images and postoperative anteroposterior
X-ray films to measure pelvic sagittal tilt in a
large cohort [23]. The EOS system provides non-
distorted clear biplanar X-ray images. Using 2D-
3D registration techniques with preoperative CT
images, we will be able to improve the accuracy
of measurements by EOS system.

In conclusion, EOS system could not over-
come the accuracy of 3D implant measurements
after THA using CT scans. To improve measure-
ment accuracy, 2D-3D registration between the
2D biplanar X-ray images and preoperative CT
images should be considered. In addition, the
pelvic and femoral coordinates in EOS system
should be standardized according to the standard
definitions.
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Abstract

In the past 5 years, the application of
3D printing technology in the field of
spine surgery had obtained enormous and
substantial progress. Among which, vertebral
skeleton model (including lesion model)
printing has been widely used in clinical
application due to its relatively simple
technology and low cost. It shows practical
value and becomes popular as the reference
of clinical education, auxiliary diagnosis,
communication between doctor and patient,
and the planning of surgical approaches
as well as the reference of more accurate
operation in surgery. On the basis of vertebral
skeleton model printing, it can be used to
design and make navigation template to guide
internal fixation screw, which also obtains
some remarkable clinical effects. However,
3D printing technology has a more profound
influence on spine surgery. The part with
full expectation is undoubtedly the clinical
application of 3D printing microporous metal
implant and personalized implant as well
as the clinical application of 3D printing
biological materials in the future.
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27.1 Application of Model
and Navigation Template
in Spine Surgery

Model and navigation template or customized
surgical auxiliary tool is a main application of
3D printing in orthopedic field, especially in
serious spinal deformity, with important value
in communication between doctor and patient,
preoperative plan, intraoperative assistance, or
medical education [1–3].

27.1.1 Model

Since 1999, D’Urso et al. began to systematically
summarize the use experience of 3D printing at
the earliest [4]. He took 3D printing anatomical
models as intraoperative reference in the treat-
ment of cervicothoracic or lumbar spinal defor-
mity caused by congenital osteogenesis imper-
fecta. In the same year, he published its appli-
cation in the cranial occipital deformity and the
maxillary lesion [5].
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There were many reports on the application
of 3D printing models in spine surgery. It has
the advantage to bring visual sense for surgeon
through real appearance so as to increase the
overall grasp of operation, and it is beneficial for
the communication with patient.

Yang et al. [6], through the analysis of
intraoperative and postoperative situations of
Lenke 1 3D printing group and traditional
operation group, found that 3D printing group
had a shorter operation time (184 min vs
212 min), less perioperative blood loss (846 ml vs
1029 ml), less blood transfusion volume (827 ml
vs 985 ml), less postoperative hemoglobin loss
(118 g/L vs 115 g/L), lower occurrence rate
of operative complications (8% vs 14.5%), and
slightly higher hospitalization expenses (USD
22,797 vs USD 22,143). However, there are
no differences in hospital stays, postoperative
radiological outcomes, and misplacement of
screws (16.9%, 120/710 vs 18.8%, 195/1036).
For the scoliosis surgery with the Cobb angle
of more than 50 degrees, the application of
3D printing model could significantly lower the
misplacement rate of screws (9.1% vs 13.0%),
by comparing with freehand screw placement.
In screw placement deviation, the total deviation
rate of 3D printing model group reached 16.9%,
with internal wall damage of 5.21%, external
wall of 8.59%, front wall of 0.99%, endplate
damage of 1.13%, and intervertebral foramina
damage of 0.99%, which were all lower than
those of freehand screw placement.

According to our experience, the accuracy
of screw placement at convex side in 3D
printing group was slightly high among patients
with congenital scoliosis, through comparing
298 vertebral pedicle screws assisted by 3D
printing model and 344 vertebral pedicle screws
imbedded with hand.

Moreover, 3D printing model is helpful for
the preoperative education and communication
with patients. D’Urso et al. reported that the
sense of identity for operation could be increased
significantly before operation for 25% of patients
through 3D printing model [5]. Other authors
reported that 3D printing model communication
could significantly relieve anxiety-related pains
[7, 8].

The advantages of computer-aided 3D
printing model lie in (1) displaying the three-
dimensional configuration of the vertebral body;
(2) through CAD, 3Ds, MAX, and other image
processing software, bony three-dimensional
reconstruction model can guide into post-
processing to confirm the accurate parameters
of vertebral pedicle screw, including the position,
angle, and depth of screw entrance point; and (3)
simulating the segment and scope of orthopedic
and physiological curvature of the spine to
confirm whether osteotomy is needed.

However, due to the wide application of nav-
igation system, its accuracy for screw placement
cannot be replaced by 3D model system. In view
of the difficulties in the scanning and recon-
struction of the full spine, the scope included by
general navigation system usually has three to
four segments of centrum. Therefore, it cannot
reach the function of integrally displaying spinal
deformity. Our experience is to conduct the over-
all design and expectation of operation through
3D printing model before operation and use nav-
igation equipment to assist the processing of
vertebral pedicle with severe rotation deformity.

27.1.2 Template

The 3D printing template of the spine provides
convenient condition of the internal fixation op-
eration in deformity, especially the placement of
vertebral pedicle screws. As is known to all, spine
surgery has great demand for vertebral pedicle
screw. Since it can go through the anterior, mid-
dle, and posterior column of the spine (Denis’
three-column theory) so as to reach excellent
correction and stability effects, vertebral pedicle
screw has obvious advantage by comparing with
previous fixation device. However, variation in
diameter of vertebral pedicle, caused by defor-
mity, accompanied by rotational deformity of the
spine, often causes the difficulty and failure of
freehand screw placement, thus to cause nerve
and vascular injuries. Although the constantly
updated navigation equipment can provide real-
time three-dimensional image to assist surgeon to
place screw, the expensive price scares off many
medical institutions.
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Based on image, 3D printing template can
export the designed file to 3D printing equipment
in fixed format so as to print individualized and
accurate auxiliary screw placement tool for surgi-
cal operation, through preoperative CT scanning
of folium and computer-assisted design. The tem-
plate can reach the destination of guiding drilling
hole and screw placement through forming spe-
cific fit with the surface of the spine.

According to purposes, 3D printing spine-
assisted template for screw placement can be
divided into guide position type, guide drilling
type, guide screw placement type, and compound
template combined by the three types. According
to the guide screw placement scope of the tem-
plate, it can be divided into unilateral type, bilat-
eral type, and cross-vertebral body type. Accord-
ing to fitting with spinous process, the template
can be divided into spinous process type and non-
spinous process type. The 3D printing template-
assisted screw placement is individually cus-
tomized technology. Its imaging collection, de-
sign and manufacturing of the template, specific
operation process, postoperative evaluation, and
other links shall be treated as medical operation.

At present, the common methods of evaluating
the effects of 3D printing template in spine screw
placement are mainly on the basis of imaging
results: (1) comparing and evaluating through ra-
diographic measuring the distance of screw going
through the bone cortex and (2) comparing the
radiographic data before and after the operation.
It is not difficult to find that such evaluation
system is relatively backward and needs to be
done in reexamination after operation and it is
unable to make sure whether there is deviation
in screw placement during operation. It should
also be noted that the application of the template
needs to conduct extensive dissection of soft tis-
sues, which increases blood loss, operation time,
and infection risk; the accurate fitting matching
between the template and bone bed surface as
well as stable placement is very important. In
case of any deviation, all the previous efforts
will be in vain. General scoliosis surgery (for
instance, idiopathic scoliosis deformity with less
severe rotation) can be finished through freehand
screw placement with no significant difference

between its result and the use of template. For
high-difficulty deformity (for instance, rigid de-
formity with severe rotation), the advantage of
the template is not higher than the results of
navigational positioning.

What about the effects of spine template on
different segments? At present, the studies and
application of the spine are mainly study on
in vitro simulated screw placement, preliminary
clinical application, and control study. We will
discuss them in details, respectively.

27.1.2.1 Auxiliary Screw Placement
of Cervical Vertebra

Screw placement of the cervical vertebra is
mainly divided into atlantoaxial and inferior
cervical vertebra. The former mainly focuses on
cadaver study. Hu et al. compared the preopera-
tive and postoperative CT reconstruction three-
dimensional data of atlantoaxial transarticular
screw of 32 cadaveric cervical specimens and
found that there is no significant statistical
difference between the actual entry point in
operation and ideal entry point [9]. Sugawara
et al. applied 3D printing template for screw
placement for 12 patients with atlantoaxial
instability, with no screw breaking through
cortical bone [10]. Compared with preoperative
planning, the deviation was (0.70 ± 0.42) mm.
Goffin et al. applied the Magerl technique
(posterior atlantoaxial joint screw placement)
to conduct screw placement and found that
the template was much more stable when
connecting both of the lamina and spinous
process than connecting the lamina only [11].
This point is verified in cadaver and actual
operation and is similar to the experience of other
doctors. In conclusion, 3D printing template
technology lacks clinical control studies with
large sample in the operation of atlantoaxial
screw placement. With respect to inferior cervical
vertebra, Kaneyama et al. obtained successful
screw placement in all cervical vertebra cross-
spinous process embedded in unilateral template
vertebral pedicle screw placement in cadaver
study [12].

Anterior cervical vertebra-assisted screw
placement: Since the anterior cervical intraop-
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erative soft tissue peeling area is small and has
much shield, it is difficult to find stable bone
surface. Therefore, although there were relevant
reports, for instance, Fu et al. attempted to apply
3D printing template to conduct anterior cervical
pedicle screw placement on cadaveric study [13].
Its application prospect is still worrying.

In conclusion, cervical vertebra 3D printing
template-assisted screw placement is still in the
stage of cadaver study, with less clinical expe-
rience. This may be caused by the relatively
high requirements of cervical vertebra template
for entry point of vertebral pedicle, commonly
unsteady placement of template, and interference
of surrounding soft tissues, which make the tem-
plate unable to confront the shearing force during
operation and easy to break away from the preset
position.

27.1.2.2 Thoracic Vertebra-Assisted
Screw Placement

Thoracic vertebra pedicle screw placement is
the main application demand of 3D printing
template-assisted screw placement. At present,
the accuracy of vertebral pedicle screw
placement is mainly judged according to the
criteria proposed by Rampersaud. Completely
locating in vertebral pedicle shall be deemed
as Level A (excellent), breaking through the
vertebral pedicle cortex without exceeding 2 mm
shall be deemed as Level B (good), breaking
through the vertebral pedicle cortex by 2–4 mm
shall be deemed as Level C (moderate), and
breaking through the vertebral pedicle cortex
by 4 mm shall be deemed as Level D (poor).
Due to the variation of anatomical structure and
effects of surrounding soft tissues, it is difficult
to judge the entry point of screw placement. Ma
et al. compared the freehand screw placement
and the template; the rate of breaking through
vertebral pedicle in the template group was
16/224, breaking through vertebral pedicle cortex
by less than 2 mm, with the accuracy being
higher than that of the group with hand (84/224,
58 screws broke through ≤2 mm, 16 screws
broke through ≤4 mm and > 2 mm, and 10
screws broke through >4 mm) [14]. Sugawara et
al. placed 58 screws in the thoracic vertebra with

the help of compound unilateral template and
achieved good effects without breaking through
the bone cortex [15].

27.1.2.3 Lumbosacral
Vertebrae-Assisted Screw
Placement

Although there is difficulty in placement of
screws into the anatomical structure of the
lumbar vertebra and other vertebral pedicle,
screw placement with template can still shorten
the time and increase accuracy. However, Merc et
al. also found that the offset of screw placement
with template was caused by the slight relative
motion between adjacent vertebral bodies in
operation [16]. This might also be relevant to the
greater range of motion of the lumbar vertebra.

27.1.2.4 Spinal Deformity
Due to developmental deformity of vertebral
pedicle, accompanied by vertebral rotation,
freehand screw placement faces relatively great
difficulty in operation. The template-assisted
deformity screw placement is free from the
effects of rotation and morphological deformity
generally. However, there is still some certain
deviation in actual situation. Lu et al. reported
vertebral pedicle screw placement with template
in scoliosis, and the occurrence rate of vertebral
pedicle cutting was 11/168, <2 mm [17]. The
cutting rate reported by Putzier et al. reached
96.1% (totaled 76 screws), less than 2 mm [18].
The reason was that scoliosis deformity made
it difficult to form effective attachment and fit
between the template and the bone bed surface.

Enough stability between the template and
the bone is the key point to decide whether this
technology can be used or not. Compared with
unilateral template, the template embedded with
bilateral vertebral plates has obvious advantages
due to its good stability. However, Kaneyama
et al. used the method of applying unilateral
template attached with spinous process to make
unilateral template have the high specificity and
stability similar to those of bilateral templates,
without affecting screw placement [12]. It can be
seen that spinous process plays an important role
in the design of the template.
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With respect to whether multi-vertebrae can
use template technology, scholars widely believe
at present that except instrumented vertebra (for
instance, congenital hemivertebra) which can use
cross-vertebral template, the rest situations shall
avoid the application of cross-vertebral template.
The reason is that extensive muscle exposure
causes the occurrence of deviation in the place-
ment of the template.

At present, conventional material of drilling
guide template has been developed from
acrylonitrile-butadiene-styrol copolymer to
acrylic resin and laser-sintering polyamide.
Through the process of sterile disinfection, there
is no infection reported.

The advantages of 3D printing template-
assisted screw placement lie in that (1) individual
design, which can increase the accuracy rate of
screw placement and reduce vascular and nerve
injury; (2) simplified operation, which provides
platform for the cultivation of young doctors; (3)
reducing radiation during operation and lowering
radiant quantity; and (4) reducing costs, with
no need of other auxiliary equipment. Some
scholars considered that its advantages have
exceeded those of fluoro-navigation-assisted
screw placement system, but the author thought
that this argument still needed to be tested by
time.

With respect to the design characteristics of
template, Azimifar proposed using the articular
process joint of adjacent vertebral body as sup-
port point to establish the installation mechanism
of the template [19]. The advantage of doing this
is avoiding the dependence on spinous process
and extensive exposure of transverse process. It is
the result of giving consideration to stability, re-
ducing damage of local soft tissues, and increas-
ing visibility. The accuracy rate of screw place-
ment with operation can reach 94% (103/110,
taking deviation of the screw placement rail of
less than 1 mm to be standard accuracy rate).
However, the design of this template is difficult
for the fixation and application of long segments.

Putzier et al. [18] designed similar 3D print-
ing template covering bilateral articular process,
spinous process, and adjacent articular process
to conduct screw placement for spinal deformity,

and they evaluated the accuracy of vertebral pedi-
cle screw placement according to Mirza principle
[20] (Level 0, no cortical bone; Level 1, cortical
process is cut by 2 mm or less; Level 2, cortical
process is less than or equal to 4 mm; Level 3,
cortical bone is cut by more than 4 mm). Fifty-
six thoracic vertebra vertebral pedicle screws and
20 lumbar vertebra vertebral pedicle screws were
included. Their clinical results showed that 84%
of the screws reached Level 0 and 96.1% of the
screws reached Level 0–1. All lumbar vertebra
screws reached Level 0. A total of 14 thoracic
vertebra screws were implanted into the centrum
through in-out-in technology, and 6 of them were
level 0. The 2-screw with poor position inclined
to the lateral side. There was no case of nerve
injury. The two vertebral pedicle screws of T11
inclined to the head side, without injuries of the
cortical bone.

27.2 3D Printing Artificial
Vertebral Body
in Single-Level Cervical
Corpectomy

The implantation of fusion cages made of tita-
nium has been the standard of care in the treat-
ment of cervical spondylotic myelopathy (CSM)
by cervical corpectomy. CSM is the most com-
mon cause of spinal cord dysfunction in individ-
uals older than 55 years and occurs in 10–15%
of all patients with cervical spondylosis. Patients
typically present with sensorimotor dysfunction
in the extremities and disturbances in sphincter
function. Patients with moderate to severe symp-
toms are unlikely to experience regression of
myelopathy without surgical interventions. Ante-
rior cervical corpectomy and fusion (ACCF) is
an important technique primarily indicated when
anterior discectomy alone would not provide suf-
ficient decompression.

Autologous bone grafting is the gold stan-
dard for post-corpectomy reconstruction of the
anterior spinal column, and the iliac crest is the
most common harvesting site; however, compli-
cations including infection, hematoma formation,
fracture, pain, and morbidity have been reported.
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Titanium mesh cage (TMC) is a widely used
alternative to autografts in restoring anterior col-
umn height. While donor site comorbidities are
avoided, mismatch between the Young’s modulus
of the implant and the host bone can lead to
a stress-shielding effect that eventually causes
subsidence of the implant, which is frequently
observed in the early postoperative period and
associated with its own set of adverse outcomes
such as neck pain, neurologic deterioration, and
instrumentation failure. Contributing factors in-
clude gender, age, bone mineral density, type of
implant, techniques for endplate preparation, and
resection of the posterior longitudinal ligament.
Successful reconstruction of the vertebral body
using implant following ACCF is crucial for
restoration of the stability and alignment of the
cervical spine and providing structural support
until definitive fusion. Different materials and
various designs have been investigated for ante-
rior reconstruction of the spinal column, such as
titanium mesh cage, which may lead to endplate
fracture and/or implant collapse, and the dense
stress shielding caused by metallic materials may
cause failure of osseous fusion to occur.

The use of 3D printing technology, such as
electron beam melting (EBM), is an additive
manufacturing technique that relies on metal
powder to produce porous metal implants with a
particular shape and pore structure. In animal
studies, Yang et al. previously introduced a
3D printing artificial vertebral body (AVB)
and found that its mechanical properties were
comparable to those of cancellous bone and
could therefore potentially be used to minimize
the stress-shielding effect [21]. Additionally,
the porous ultrastructure of the AVB could be
advantageous for osteo-induction.

In a recent prospective randomized trial, we
investigated the in vivo safety and efficacy of an
AVB in comparison to a TMC used in patients
undergoing ACCF for CSM. The AVB (Aikang,
China) was fabricated following protocols pre-
viously established [20], in which melted tita-
nium alloy powder (Ti6Al4V, particle size 45–
100 μm) was used to fabricate a AVB in a layer-
by-layer fashion using the EBM S12 system (Ar-
cam AB, Sweden), according to computer-aided

design (CAD) models with customization for
the specific anatomical features of each patient.
The rough surface formed by the melted metal
particles could be observed. This morphology is
advantageous for cell adhesion and proliferation,
which were necessary steps for bone in-growth.
Studies have previously confirmed the biocom-
patibility of Ti6Al4V. However, relevant clinical
studies in humans have not been reported.

The primary hypothesis in this trial was non-
inferiority regarding the safety and efficacy of
the investigational group against the control
group, and the design was approved by
the institutional review board. Patients were
recruited with informed consent regarding the
aims and protocols of the study and allocated
into either group according to a computerized
randomization scheme. All patients received
standard-of-care preoperative assessment, and
a decision and plan for surgery were made
by senior spine surgeons blinded to patient
allocation results. Radiographic evaluation
consisted of anterior-posterior (AP) and lateral
X-rays and magnetic resonance imaging (MRI)
for enhanced soft tissue contrast.

Patients were followed with radiographic eval-
uation 6 months postoperatively to assess for
implant subsidence, cervical sagittal alignment,
and fusion status. Subsidence was defined as a
loss of any height of the fusion segments on
follow-up lateral radiographs compared with the
immediate postoperative radiographs. The height
was measured at the center on the anterior edge
of adjacent endplates. Severe subsidence was
defined as a loss of height ≥ 3 mm. Cervical
sagittal alignment was evaluated as the Cobb
angles between C2 and C7. Criteria for fusion
included mature bony trabecular bridge between
the implant and the adjacent vertebrae, absence
of peri-implant radiolucency, and less than 4◦
of Cobb angle variation of the adjacent end-
plates on dynamic lateral radiographs. In cases
where dynamic radiographs were insufficient to
determine fusion status, computed tomography
(CT) was performed to provide a more definitive
evaluation. The JOA scale, the JOA recovery rate,
the VAS scale, the SF-36, and the Odom’s criteria
were used as the primary measures for clinical
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outcomes and were available for all patients both
before the surgery and at the last follow-up.

Gaps between the AVB and fusion segments
were indistinct at 6 months postoperatively, and
motion on the flexion/extension radiographs was
less than 4◦. This indicated that the bone grew
into the porous structure of the AVB. When such
bone growth into the implant occurred, the sta-
bility of the cervical spine was enhanced. Causes
of implant subsidence included factors such as
increased patient age, decreased bone density, the
sharp contact edge of the titanium mesh cage,
and intervertebral over-distraction. Mohammad
et al. showed that high mismatch angles is an
important risk factor that leads to increased cage
subsidence, and the authors hypothesized that
adding wedges to the ends of the AVB would po-
tentially avoid subsidence [22]. For conventional
implants, endplate angles that match different
patients are difficult to design. In our study, an
AVB with a 4◦ endplate angle and porous sec-
ondary structure was shown to effectively prevent
subsidence compared to a conventional titanium
mesh cage, and the benefit was seen throughout
the follow-up period. This observation suggests
that our new type of AVB fabricated by EBM
provided greater stability than the traditional ti-
tanium mesh cage. However, in addition to the
AVB design, cage subsidence is also related to
differences between individual patients, such as
differences in bone density. To avoid subsidence,
several measures have been proposed, including
appropriate removal of the endplate, additional
posterior internal fixation, and avoiding excessive
distraction. Our study is a preliminary attempt to
individualize AVB fabrication with 3D printing.
Further research in this field is necessary.

The JOA score and cervical curvature are
frequently used to evaluate surgical effects. In
our study, there were no significant differences
between the two groups in these two indexes. At
the final follow-up, the JOA and VAS scores had
improved significantly in both groups. Similar
results were also observed in another study [23].
We speculated that the reason for these improve-
ments was that they primarily depend on decom-
pression and intervertebral distraction rather than
implant type. Furthermore, there were individ-

ual differences between patients, and subjectivity
existed when patients describe symptoms; thus,
these two indexes should not be used to definitely
compare different types of implants.

The findings of the present study demon-
strated the safety and efficacy of an AVB fabri-
cated by EBM for ACCF. No fracture or displace-
ment of the implants was seen during the follow-
up period, and the device was shown to prevent
subsidence relative to a traditional titanium mesh
cage. This work was a preliminary examination
of an AVB fabricated by EBM for use in clinical
applications.

27.3 3D Printing Personalized
Artificial Vertebral Body

The application of 3D printing personalized
artificial vertebral body in the reconstruction of
spinal structure stability is the new breakthrough
point of 3D printing in the internal fixation
technology of the spine. Unlike the temporary
tools with the function of auxiliary support,
such as 3D printing model, vertebral pedicle
screw positioning template, and osteotomy-
assisted template, 3D printing spinal internal
fixation material can permanently remain in
the human body, for which there are higher
requirements in biomechanics, biological safety,
and biocompatibility. 3D printing titanium alloy
material can be used for the development of
cervical and lumbar interbody fusion cage and
cage. The test results provided early foundation
for the technical implementation plan and safety
verification of 3D printing personalized artificial
vertebral body. This section will simply introduce
the 3D printing personalized artificial vertebral
body, occurred in the past 2 years, used for the
reconstruction of spinal structure stability after
vertebrae resection.

The first case of the clinical application of
3D printing personalized artificial vertebral body
reported in literature was published by us in
Spine in January 2016 [24]. In this case, the 12-
year-old patient visited a doctor due to tumor in
the upper cervical vertebra. It was found through
examination and evaluation that the tumor was
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Fig. 27.1 Intraoperative
view of the 3D-printed
artificial vertebral body in
place during the anterior
procedure

at the level of axis and belonged to primary
malignant bone tumor (Ewing sarcoma), without
distant metastasis. Due to tumor compression, the
spinal cord injury of patient developed rapidly
and needed operation to reduce pressure; since
the tumor was primary without distant metastasis
and the patient was young, it was probably to
prolong life in case radical tumor resection could
be conducted. However, the anatomical structure
of C2 was special, and radical tumor resection
had higher requirements for postoperative recon-
struction of spinal structure stability due to exten-
sive resection range. Therefore, vertebral recon-
struction of conventional international implant
applied for this site was the technical difficulty
all the time, with many problems, such as failure
of internal fixation caused by unsatisfactory sta-
bility and bone graft fusion effects, non-healing
wounds on posterior pharyngeal wall caused by
the high incisura in front of internal fixation, and
the demand of long time, assisted by halo-vest
[25]. Liu et al. [24] designed new 3D printing
personalized artificial vertebral body (Fig. 27.1)
with the following characteristics: the near end
applied winged structure to connect lateral mass
of atlas and the far end had the slope contacted
with the treated C3. Such design based on the
anatomical features of patient could maximize
the contact area between personalized artificial
vertebral body and adjacent centrum so as to
provide stability at the greatest extent. The chan-
nels of lateral mass of atlas in centrum and C3
centrum screw were the design of “zero profile,”

namely, the tail end of the screw after being
screwed fully was at the same level with the lead-
ing edge of personalized artificial vertebral body,
thus to lower the occurrence rate of non-healing
wounds on posterior pharyngeal wall (Figs. 27.2a
and 27.2b). Meanwhile, the microstructural pa-
rameters of 3D printing personalized artificial
vertebral body applied the results of preliminary
experiment [26] to improve osteoinductivity and
avoid the necessity of removing the ilium and
the occurrence of corresponding complications
through the designs of optimized bore diameter
and pore density of pore metal structure. Since
the structure of 3D printing personalized artificial
vertebral body could provide better biomechani-
cal stability, patient only needed the protection of
skull-neck-thorax brace after operation, instead
of wearing halo-vest brace, which reduced the
pains of patient and nursing difficulty. Patient
accepted radiotherapy and chemotherapy after
operation as well as regular follow-up. In the
follow-up at 1 year after operation, the position of
3D printing personalized artificial vertebral body
was good. CT of the cervical vertebra showed
that the bone grew into the head and tail ends
of artificial vertebral body. MR of the cervical
vertebra showed that there is no manifestation
of tumor relapse in the area of upper cervical
vertebra. However, general PET-CT examination
showed lung metastasis. Although the patient fi-
nally died of tumor metastasis due to the high ma-
lignant degree of tumor, the implant dominated
by 3D printing personalized artificial vertebral
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Fig. 27.2a Coronal CT reconstruction of the 3D-printed
artificial vertebral body at the 3-month follow-up visit

Fig. 27.2b Sagittal CT reconstruction of the 3D-printed
artificial vertebral body at the 3-month follow-up visit

body was firm all the time, and no tumor relapse
was found in the operation.

On the basis of this work, our team further
conducted the prospective study on applying 3D
printing personalized artificial vertebral body to
recover the reconstruction of spinal structure sta-
bility after spondylectomy for primary tumor of

axis, from April 2015 to March 2016. Based on
the results of CT scanning of the cervical verte-
bra, 3D printing personalized artificial vertebral
body was manufactured with titanium alloy pow-
der in the method of accumulation layer by layer
by applying electron beam melting (EBM). The
technical parameters of microscopic pore metal
structure of 3D printing personalized artificial
vertebral body took the results of previous studies
as reference [24, 26]. Macroscopic design took
the experience of the first case [24] for reference
and conducted certain improvement. Among the
five patients (one case of male and four cases
of female) included in the study, the average
age was 30 years old (with the scope of 17–
47 years old). CT-guided lesion puncture biopsy
and pathological diagnosis were conducted for
the five cases before operation to specify the
nature of tumor. The pathological diagnosis was
as follows: two cases of malignant tumor (one
case of chromaffin tumor and one case of ep-
ithelioid angiosarcoma) and three cases of benign
tumor (all of them were giant-cell tumor of the
bone). According to the imaging examination and
pathological results of patient before operation,
the oncological stage of the three cases of giant-
cell tumor of the bone was Enneking stage 3 and
that of the other two patients was Enneking stage
IIB. After perfecting preoperative examination to
eliminate systemic metastases and evaluating op-
erative tolerance, the surgical protocol of anterior
and posterior radical tumor resection, “posterior
fixation in Stage I and anterior tumor resection
and the reconstruction of 3D printing artificial
vertebral body in Stage II,” was formulated for
patients. Unlike in the first case, in which the pa-
tient could wear skull-neck-thorax brace to go to
ground activity 1 week after operation, changed
to wear Philadelphia neck collar 1 month af-
ter operation, and stopped wearing neck collar
3 months after operation, the latter patient could
wear Philadelphia neck collar to go to ground
activity on the day after operation and stopped
wearing neck collar after 2 weeks. The five cases
of patients had no severe complications in peri-
operative period and obtained follow-up till now.
Although all patients accepted bone implanta-
tion, the CT reexamination at 3 months after op-
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eration showed that the bone had grown into 3D
printing artificial vertebral body, and the CT re-
examination at 6 months after operation showed
that 3D printing artificial vertebral body had
partially or fully fused with upper and lower cen-
trums. By the last follow-up, all the five patients
had no displacement of implant or local relapse
of tumor. Based on the experience of the first two
cases of patients in this series, from the 3rd case,
the number of fixed segments was reduced and
atlanto-occipital joint was retained, which further
increased the living quality of patients. The de-
tailed clinical data of patients in this study had
been summarized and submitted for publication.

Compared with conventional implant, 3D
printing personalized artificial vertebral body
had been improved greatly in the reconstruction
of spinal structure stability after axial tumor
resection with special anatomical structure. In
the prospective study of the reconstruction of
spinal structure stability, conducted by Liu et
al. since May 2016, by applying 3D printing
artificial vertebral body after spondylectomy of
several continuous sections which was conducted
for patients with primary spinal tumor, five
of the patients had accepted the treatment.
Among the five patients (four cases of male
and one case of female), with the average of
44 years old (ranging from 25 years old to
59 years old), three patients were diagnosed
with chordoma, one patient was diagnosed
with isolated fibrosarcoma, and one patient was
diagnosed with giant-cell tumor of the bone.
One patient accepted vertebral column resection
for several continuous segments of the cervical
vertebra and reconstruction of spinal structure
stability with 3D printing artificial vertebral
body. One patient accepted vertebral column
resection for several continuous segments of the
thoracic vertebra and reconstruction of spinal
structure stability with 3D printing artificial
vertebral body. The rest three patients accepted
vertebral column resection for several continuous
segments of the thoracolumbar vertebra and
reconstruction of spinal structure stability
with 3D printing artificial vertebral body. The
most segments involved the reconstruction of
3D printing artificial vertebral body for the

thoracolumbar segments with five centrums
(T10-L2) and the length of 19 cm as well
as the reconstruction of 3D printing artificial
vertebral body for the cervical vertebra with
four centrums (C2–C5). The application of 3D
printing personalized artificial vertebral body in
the reconstruction of multi-segment vertebrae
resection might reduce the risk of implant
displacement and sedimentation and the failure
of internal fixation easily occurred in case of too
long conventional titanium mesh cage and avoid
the extra trauma and complications caused by the
implantation of long-segment bone. Meanwhile,
the 3D printing personalized artificial vertebral
body was designed with the attachment of the
structure of “vertebral pedicle” and connected
with rear internal fixation system with screw,
which could further strengthen the stability
of implant and made it possible for the early
mobilization of patients. The detailed clinical
data of patients in this study are summarized in
follow-up summary.

Since the clinical report on the application of
the first case of 3D printing personalized artificial
vertebral body in spine surgery [24], some other
scholars reported their cases in the recent 2 years.
In March and July 2017, Kim et al. and Wei et
al. published the cases of conduct reconstruction
by applying 3D printing technology to make
prosthesis after semi-sacrectomy [27] and total
sacrectomy [28]. Mobbs et al. published two
case reports in April 2017 [29]. In the first case,
the patient with upper cervical vertebra (C1–C2)
chordoma accepted tumor resection and applied
3D printing personalized artificial vertebral body
to conduct vertebral reconstruction. In the second
case, the patient accepted corrective osteotomy
due to complex congenital spinal deformity
and also applied 3D printing personalized
artificial vertebral body to conduct the stability
reconstruction for the front structure of the
spine. This hinted us that the application of 3D
printing personalized artificial vertebral body
in spine surgery is not only limited to vertebral
reconstruction after tumor resection but also
applicable to the stability reconstruction for bone
defect caused by osteotomy operation in spine
corrective operation. In September 2017, Choy
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et al. reported the application of 3D printing
personalized artificial vertebral body in spinal re-
construction after primary tumor resection of 3D
printing personalized artificial thoracic vertebra
[30]. Li et al. published a case of reconstruction
by applying 3D printing personalized artificial
vertebral body after continuous multi-segment
vertebral resection for cervical vertebra tumor
[31]. In this case, the patient was diagnosed with
thyroid metastasis. Although it was controversial
to apply large-scale vertebral resection in the
treatment of spinal tumor, this case was similar
to one case of our patients with chordoma.
They both hinted that the application of 3D
printing personalized artificial vertebral body in
the reconstruction after cervical vertebra tumor
resection involved several continuous segments
of dentate was a feasible technical plan.

27.4 Progress and Future Trend
of the Application of 3D
Printing in Spine Surgery

In recent years, the 3D printing microporous
metal implant used in spine surgery mainly in-
cludes interbody fusion cage and artificial ver-
tebral body. Although the total clinical cases
have not formed large scale due to the restric-
tions of various factors, including the restrictions
of regulations and administrative management,
the treatment value of exploratory surgery cases
has been revealed preliminarily and has indi-
cated optimistic outlook. Taking artificial verte-
bral body, for example, the results of clinical
trial of the standard cervical vertebra artificial
vertebral body conducted in the Department of
Orthopedics of Peking University Third Hospital
from 2012 to 2014 proved that the 3D print-
ing titanium alloy microporous artificial vertebral
body obviously lowered the occurrence rate of
implant collapse under the premise of safety and
effectiveness, by comparing with titanium mesh
cage widely used in clinical practice for many
years. Up to now, the longest clinical follow-
up time of the clinical application case of stan-
dard 3D printing spinal implant has exceeded
5 years, and it can still show reliable safety and

satisfactory clinical curative effects. Individu-
ally customized artificial vertebral body plays an
unprecedented important role and exceeds con-
ventional implant in application as the support
body of spinal structure after the resection of
tumor or other lesions in the operation of cervical
vertebra, thoracic vertebra, lumbar vertebra, or
sacral vertebrae. The longest follow-up time of
the application case of such implant has also
reached 3 years. Since the cases of applying
individually customized 3D printing implant are
relatively scattered in various places, it is difficult
to apply the investigation data with statistical sig-
nificance to conduct accurate evaluation. How-
ever, the reported clinical results showed that
the overall safety coefficient was relatively high,
most curative effects were significant, and most
cases belonged to the situation of being difficult
to conduct the reconstruction of spinal stability
structure with previous conventional technology
after surgical resection of lesion. In other words,
most of the clinical application of these individ-
ually customized 3D printing implants had in-
novative and challenging significance and better
solved the difficult problems that were not solved
satisfactorily with conventional technologies.

At the time of conducting exploratory clinical
application of 3D printing microporous metal
implant, the basic studies based on microporous
metal implant material have been conducted step
by step and have obtained more and more en-
couraging results. Both in vitro test and animal
test used have more profound understanding of
the characteristics and application value of mi-
croporous metal. The obtained results of clinical
observation and relevant basic studies prove or
reveal the following important facts of 3D print-
ing microporous metal implant: (1) The biocom-
patibility and the function in the reconstruction of
spinal mechanical structure of such implant are
not inferior to or even superior to those of the
implant manufactured with the same material and
conventional technology. (2) The design in shape,
size, and structure as well as customizability
makes such implant better adapt to the demand of
spine surgery, especially the operation for some
special anatomic sites. (3) After implanting, its
metal microporous can attract the growth of ad-



356 H. Cai et al.

jacent bone cells/tissues to realize the effective
fusion with the host bone, thus to integrate into
one. (4) If suitable processing is conducted for
the surface of microporous metal of such implant,
including acid etching and micro-arc oxidation
[32], the osteointegration efficiency can become
higher. (5) It has the potential to be ideal carrier.
When it carries a drug or substance, it can play
corresponding function through the slow release
of these drugs or substances.

The above five manifestations or signs of 3D
printing implant will trigger people’s rich reverie
and create many possibilities in the application
in the field of spine surgery in the future. Sum-
marizing the results of current clinical and basic
studies on 3D printing microporous metal im-
plant as well as the development of 3D printing
technology, it is believed that the following de-
velopment trends will appear in the application of
3D printing implant in spine surgery in the next
few years:

1. The clinical application of 3D printing tita-
nium alloy microporous structure interbody
fusion cage and artificial vertebral body in-
creases gradually. As one of optional pros-
thesis type, 3D printing microporous inter-
body fusion cage may take a place, but it
is difficult to be the mainstream. The reason
is that it seems to have no obvious advan-
tage, by comparing with the current PEEK
interbody fusion cage. Many years of clinical
practice shows that PEEK interbody fusion
cage has reached a higher fusion rate by using
together with autologous/allogeneic bone or
artificial bone. In contrast, it is difficult for
microporous metal interbody fusion cage to
reach a higher fusion rate, but the interfer-
ence of metal material on imaging exami-
nation images is much larger than that of
non-PEEK material, which shows its disad-
vantage. However, unlike microporous metal
interbody fusion cage, 3D printing microp-
orous artificial vertebral body is booming, and
it has many advantages by comparing with
conventional titanium mesh cage widely used
in the past 20–30 years. (1) Both ends of
prosthesis can be designed to be more at-

tached with the anatomic form of the endplate
of adjacent centrum, with increased contact
area, thus to effectively prevent collapse. (2)
Metal microporous can attract adjacent ver-
tebral body bone to grow into it, even to
realize satisfactory bone fusion without autol-
ogous/allogeneic bone. It is believed that its
clinical application will become more popular
or will replace titanium mesh cage widely
used at present. (3) The design of the device
on the main body that can be fixed with
adjacent centrum directly (for instance, di-
rectly connecting implant with adjacent cen-
trum with screw), by applying the properties
of the metal material of microporous artificial
vertebral body, may save the titanium plate-
screw system with the function of auxiliary
fixation, thus to simplify surgical procedures
and realize the “zero profile” effect after the
implantation of artificial vertebral body.

2. The clinical application of individually cus-
tomized spinal implant will be promoted grad-
ually. Due to the specificity of the spine in
anatomic form and structure, the reconstruc-
tion of stable structure often needs to be done
with the implant with corresponding form and
structure in the surgical treatment of some
lesions, for example, resection of atlantoaxial
and sacral tumor or the correction of spinal
deformity. Since it is difficult for conventional
technology to manufacture the required prod-
uct with irregular shape, 3D printing tech-
nology, with the advantage of designing and
manufacturing any shape and structure, be-
comes popular. In the clinical practice in re-
cent years, the successful implementation of
artificial axis, artificial sacral vertebrae, multi-
segment artificial cervical vertebra, or thora-
columbar vertebra replacement obtains satis-
factory curative effects in the cases that are
considered to be difficult to be treated with
operation. The fact shows the important value
of individually customized spinal implant. As
the case in the previous section, it simulated
the shape and structure of C2 and realized the
demand of patient in early going to ground
activity by only wearing neck collar after op-
eration. Most of titanium mesh cage implants,
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widely used after tumor resection of dentate,
could only play the simple support function
between anterior arch of atlas and inferior
cervical vertebra, with very weak function of
resistance to deflection and rotation. After op-
eration, stronger external fixation device (for
instance, halo-vest) was needed after opera-
tion, with the potential risk of loosening, col-
lapse, displacement, and other complications.
Now, we need 1–2 weeks to make the patient-
specific implants, and it’s free for the patient
before it has been approved by CFDA.

3. 3D printing microporous metal implant turns
into the repair material for bone defect. For
any bone defect caused by any cause, the
repair method is to wait for the early connec-
tion of bone tissues and the creeping substitu-
tion and reconstruction of bone cells in late
stage after applying autologous bone, allo-
geneic bone, or artificial bone to filling the de-
fect area. The final ending is the repair of bone
tissue for the defect area. However, the clinical
application of 3D printing microporous metal
implant in recent years looks different from
conventional idea, namely, metal material acts
as the filler/substitute of bone defect. For the
defect area with several centimeters, even a
dozen centimeters after spinal multi-segment
tumor resection, the activity functions of pa-
tients were well recovered after being repaired
and fixed by applying microporous artificial
vertebral body as support. Meanwhile, the
signs of bone fusion between the implant and
adjacent centrum could be observed. Relevant
animal test proved that the metal microporous
of implant could attract adjacent bone to grow
into it and form effective fusion. Although
observation is needed for the depth of bone
cells growing into microporous metal implant
and whether it can run through the implant
with several centimeters, the results of cases
with more than 18 months of follow-up show
that the fusion between implant and host bone
meets the demand of patients for daily living
functions. It seems to believe that, for implant
with larger span, the treatment goal shall be
achieved if the both ends fuse with adja-
cent bones and it is unnecessary to consider

whether there is penetrating growth of bone
tissues in the middle area.

4. Titanium alloy microporous implant can
become artificial prosthesis with higher bone
fusion efficiency through surface technology
processing. The results of relevant animal
test studies showed that partial aluminum and
vanadium on the surface of titanium alloy
microporous implant after acid etching were
free, and the growth amount of bone cells at
4 weeks after being implanted into the cervical
vertebra of sheep was obviously more than
that of untreated implant; while for titanium
alloy microporous implant after micro-arc
oxidation [32], the growth amount of bone
cells at 4 weeks after being implanted into the
cervical vertebra of sheep exceeded that of
the acid etching group, and the phenomenon
of vascular ingrowth could be seen. These
results may hint that the bone fusion effects
of titanium alloy microporous implant will
be further improved in the future, thus to
discover the improved 3D printing titanium
alloy artificial prosthesis products for clinical
application.

5. Development and application of other
3D printing implants. In addition to the
commonly used titanium alloy in clinical
application, many types of metals, such
as tantalum and magnesium, may become
the materials for additive manufacturing
(“3D printing”). Relevant animal tests, even
clinical exploration, have been conducted.
However, for the clinical application in the
field of spine surgery, the application value
of metal implant mainly depends on its
biocompatibility, integration with the bone
in the implantation area (such as attachment
of shape and structure, connective fixation,
and fusion), biodynamical strength, and the
similarity between elastic modulus and human
bones. Moreover, the accessibility and costs
of materials may also have certain effects
on the clinical application of implant. The
comparison of the characteristics of titanium
alloy, tantalum, and magnesium shows that the
comprehensive features of titanium alloy are
more suitable to be used as the implant of bone
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system. Whether tantalum and magnesium
can replace titanium alloy to become the
metal material of 3D printing spinal implant
depends on whether tantalum and magnesium,
as implant material, have the special features
exceeding those of titanium alloy.

6. The 3D printing of biological materials may
play an important role in the repair of soft
tissue defect around the bone. In recent years,
3D printing technology of biological materials
has deepening studies and process. Although
there is a long way to the expectant 3D print-
ing of human organs, 3D printing of some
cells and relatively simple tissue and struc-
ture has become the reality expected to enter
into clinical application. As is known to all,
bone tissues, including spinal lesions, always
accompany with the defect of surrounding soft
tissues. When the abovementioned 3D print-
ing metal implant successfully repairs bone
defect caused by various injuries and disease,
if the surrounding defected soft tissues can
be repaired through 3D printing technology, it
will undoubtedly bring major revolution in the
treatment of spinal diseases. Throughout the
development trend of 3D printing technology
at present, the chance of such revolution may
be coming gradually.

7. 3D printing microporous structure is taken as
carrier to develop the implant with treatment
function. In addition of having the mechani-
cal functions of reconstructing bone stability
structure, including filling, supporting, and
fixation, 3D printing titanium alloy prosthesis
can be used by taking the microporous room
as important functional carrier. The loading of
such drugs or active substances can certainly
be used to develop various functional carri-
ers so as to make 3D printing microporous
implant become artificial prosthesis endowed
with special mission, also known as “4D print-
ing” implant.

In conclusion, it is urgent to formulate relevant
standards for additive manufacturing (“3D print-
ing”) metal implant. The application of 3D print-
ing metal implant in orthopedics, including the
field of spine surgery, has become overwhelming,

and its clinical value and development prospect
are getting better and better. However, additive
manufacturing (“3D printing”) belongs to a new
technology after all. Although titanium alloy has
been used in clinical practice as the main or-
thopedic implant for many years, whether its
mechanical strength and performance after being
produced with new technology can remain con-
sistent basically and whether some physicochem-
ical indexes have significant changes, namely,
that it is still safe and reliable in clinical appli-
cation, naturally attract query or attention. There-
fore, a series of targeted evaluation standards will
be explored deeply and formed gradually. More-
over, “individually customized” will become one
of the significant characteristics of 3D printing
implant, and the studies and argument will be
needed for the triggered ethical issues related to
the safety and rationality of implant as well as the
registration and supervision of individually cus-
tomized medical products in different countries
or regions. In conclusion, with the constant depth
of studies, the application of 3D printing will be
expanded in the field of spine surgery, even the
whole orthopedic or medical field, and its value
will be shown continuously.
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