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Chapter 1

| ntroduction



In computer assisted surgery, the surgical CAD/CAM paradigm is a common framework [1]. In
this paradigm, the CAM systems, that involve intraoperative robotic and computer-guided assistance,
ensure accurate execution of preoperative plans constructed using the CAD systems. The firstly
developed CAM system in computer assisted orthopaedic surgery (CAQOS) is” ROBODOC” proposed
by Taylor et a. in 1994 [2]. ROBODOC is a robotic system developed for total hip arthroplasty
(THA). THA is an implant surgery, which particularly fits the surgical CAD/CAM paradigm [3].
Given a surgical plan, ROBODOC automatically drills a patient femoral bone so as to position an
artificial implant. Since the development of ROBODOC, various CAM systems have been proposed
for the past two decades [4, 5, 6, 7, 8, 9]0 According to severa clinical studies, these CAM systems
can achieve higher accuracy in surgery than conventional surgery done by manually operated by
surgeons [10, 11]. Therefore, the importance of preoperative planning have been growing.

This study addresses the problem of preoperative planning in THA. Severa interactive preoper-
ative planning system have been developed [6, 12, 13, 14]. These systems typically visualize mul-
tiplanar images and 3D shape of hip reconstructed from 3D-CT images and provide 3D spatial re-
lations between implants and host bones while guantitative information such as fit-and-fill [15, 16]
can be monitored in realtime so as to provide the surgeon with objective information. More recently,
biomechanical analysis has been incorporated to evaluate the risk of fracture and implant loosening
[17, 18, 19]. Although these quantitative evaluations are useful for improving objectivity and validity
of the planning result, user interactions involving trial and error will be still necessary to prepare ten-
tative size selection and positioning as input data for the analysis, which may be time-consuming as
well as reduce objectivity [20]0

One possibility to solve the problem is to automate the planning process. As previous studies,
several automated planning methods have been proposed [21, 22]. The former method [21] targets
the planning of the pelvic component (cup) of THA and uses several user-defined constraints based on
interviews with experienced surgeons. However, this method can only describe an explicit knowledge
which the surgeons can verbalize and cannot describe implicit knowledge. The latter method [22]
targets the planning of the femoral component (stem) of THA and uses areference CT dataset and
a preoperative plan on it. However this method uses only a single dataset of preoperative plans as a
reference based on the assumption which planning criteria do not change among all cases.

Nowadays, navigated THA is routinely used in some hospitals. Especialy in Japan, CT-based



3D preoperative planning is often performed for THA. A large number of the preoperative plans
constructed by well-experienced surgeons are accumulated in some of the hospitals. The feedback of
these past planning datasets can potentially improve the future planning. Closed-loop surgery to make
the best use of past surgica data for future surgery is a recently-emerged paradigm [23[1 A typical
presentation scheme to realize this paradigm is statistical atlas, which has been intensively applied to
solve various problems of medical image analysis [24, 25, 26, 27, 28, 29, 30|10 The probahilistic atlas
which describes a distribution of a target organs [27] and the statistical shape models (SSMs) which
describes statistical shape variation of target shapes [24] are representative examples of statistical
atlas. Statistical atlas has been utilized for preoperative planning in severa studies. Optimization of
prostate biopsy planning is a successful application on surgical planning, in which probabilistic atlas
of cancer distributions is utilized [31, 32]0 More recently, automated implant fitting was performed
for optimizing implant design [33]0 In these methods, however, utilized statistical information was
on patient anatomy and pathology rather than surgeon’s expertise of planning. These have been
a few existing studies utilizing the expertise in past preoperative planning datasets. The femoral
implant planning in THA was performed using one of the past planning datasets [22] (described
in the previous paragraph). As different application, assistance in radiation therapy planning based
on retrieval of similar cases from the past planning database is reported [34]0 However, statistical
representation of the expertise was not utilized in both studies.

The objective of this study is to develop an atlas-based automated 3D planning method for THA.

The novel points of this study are as follows:

1. Unlikethe single reference dataset-based methods [22, 34], automated planning criteriais based
on statistical analysis of a number of past planning datasets constructed by an experienced

surgeon.

2. Unlike the previous method which targets the automated planning of cup [21] which uses sev-

eral user-defined constraints, a simple formulation based on statistical atlas is observed.

Sincethe artificial joint used in THA consists of femoral implant (stem) and pelvic implant (cup), the
automated planning method for stem and cup are developed independently.

This paper consists of seven chapters. The brief overview of each chapter is as follows:

1. Chapter 1 Introductiond This chapter.



. Chapter 2 Automated planning of femoral implant (stem) based on manually-derived cri-
teridlln advance of an atlas-based approach, an automated stem planning based on user-defined

objective function is described in this chapter.

. Chapter 3 Atlas-based approach and validation of automated planning of femoral implant
(stem): An atlas-based automated stem planning is described in this chapter. The performance
between the proposed method and the previous methods described in [22] and Section 2 is

compared.

. Chapter 4 Atlas-based approach and validation for automated pelvic implant (cup) plan-

ning O An atlas-based automated cup planning is described in this chapter.

. Chapter 5 Applying atlas-based automated cup planning to standard 2D X-ray image O
The atlas-based cup planning method described in chapter 4 only alows 3D-CT images as
input. In this chapter, a preliminary experiment which uses standard 2D X-ray images as input

by utilizing a 2D-3D pelvis shape reconstruction method is reported.

. Chapter 6 Atlas-based optimization of hip joint function: This chapter shows a preliminary
work for optimizing various hip joint function such as leg length discrepancy and range of

motion.

. Chapter 7 Conclusion This chapter summarizes the achievement, remaining problems, and

future directions of this study.



Chapter 2

Automated planning of femoral implant
(stem) based on manually-derived

criteria



Abstract

This paper describes a 3-dimensional (3D) automated preoperative planning method of femoral com-
ponent (stem) for total hip arthroplasty (THA). The stem planning is formulated as a optimization
problem which determines implant parameters such as size, position, and rotation. An objective
function is defined using the fitness between the femoral cana and the stem surface. In addition
to the objective function, constraints of position and orientation derived from conventiona studies of
femoral anatomy is also defined. Since the objective function consists of several parameters, a param-
eter tuning was performed in advance of the performance evaluation. Optimization of the objective
function was performed using the Powell method. The proposed method was applied to 17 cases and
the errors of the planning results between the automated planning results and the experienced sur-
geon’s plans were compared. Stem size error was within one size in all cases. Mean positional error
and mean orientation error were 3.4 mm and 5.0 deg., respectively. According to a qualitative evalu-
ation performed by an experienced surgeon, 14 cases out of 17 cases were accepted and three cases
werergjected. The surgeon commented that the rejected three cases can be accepted after some minor
modification. Therefore, the author consider the proposed method would be useful as an automated

stem planning method.



2.1 Introduction

Recently, surgical navigation and robotic systems have been developed for total hip arthroplasty
(THA) to allow accurate placement of orthopedic implantsin preoperatively determined 3-dimensional
(3D) position and orientation [8, 6, 5, 35, 36, 10, 37]. Preoperative planning isthus becoming increas-
ingly important because the preoperative plan can be accurately devised using these systems. In pre-
operative planning of THA, anatomical compatibility of each implant component with the host bone
is essential for stable fixation and good clinical results. Recently, computed tomography (CT)-based
interactive systems for preoperative 3D planning have been developed to quantitatively visualize the
stablefixation. [13, 16]. However, interactive 3D planning is subjective and time-consuming, limiting
clinical use.

To solve these problems, the research group including the author has been developing an auto-
mated preoperative planning system for THA, to automatically select the optimal size, position, and
orientation of each implant. This system calculates the plan of the pelvic implant (cup) and femoral
implant (stem) independently [38, 39, 40], then integrates these intermediate solutions considering
the difference in limb length and range of motion (ROM) of the hip joint [41]. To develop the auto-
mated planning procedure, the author has formulated criteria derived from the plan of an experienced
surgeon. The proposed system is hoped to increase the usefulness of surgical navigation systems or
surgical robotics systems, as the proposed method realizes the automated preoperative planning based
on objective criteria without increasing the workload of the surgeon. The present study considered
the automated planning procedure of the stem. In particular, the author used the cementless stem,
which is fixed to the host bone by press fitting and postoperative regeneration of the bone texture.
The “fit and fill” of the stem in the femoral canal are thus important factors for component stability
[42, 43, 35, 44, 36, 45, 15, 46].

In a previous study of my research group, an objective function that describes the “fitness’ value
of the stem based on the expertise of the surgeon and their planning results is defined. the solution is
determined using a one-by-one search at the interval to some extent in each axis [38, 40]. However,
this search procedure is inappropriate because this method cannot guarantee optimal stem fitness. In
addition, the constraints of position and orientation were not derived from the previous study, which

represented appropriate positional relationships of the stem and femur. In contrast, Viceconti et al.



proposed the use of volume registration between the femoral canal and stem for automated placement
of the stem [22]. However, the image -matching criteria used in volume registration were not derived
from the stem fitness criteria used by an experienced surgeon. Position results for this method may
thus be incompatible with the femoral canal of the host bone.

The present study proposes an automated planning procedure of stem placement that satisfies ap-
propriate positional relationships of the stem and femur and guarantees optimality of stem fitness. The
definition of “fitness” was as described in previous studies. In addition to this definition, the author
proposes new constraints to describe the expertise of the surgeon regarding positional relationships of
the stem and femur, and the optimization procedure to maximize fitness. To evaluate performance of
the proposed system, applying the proposed method to 17 cases and measuring errors of position, ori-
entation, and size selection between automated planning results and those of an experienced surgeon.
In addition, the author adjusted the parameters of the evaluate function from an exhaustive experi-
ment using various parameters and discuss the relationship between parameters and the automated

planning results.

2.2 Methods

221 Overview

A block diagram of the proposed system is shown in Fig. 2.1. As patient information, the author
assumes that a 3D-CT image of the hip joint is used for the patient. A 3D model of the femoral canal
is reconstructed from CT images, and the femoral coordinate system and anatomical feature points
are determined on 3D models. As implant information, the author assumes that 3D shape models
of all variations in the femoral stems are given. The output of this system is the set of parameters
(z = t,r, s]), for the position t, orientation r, and size s of the stem. In the formulation, the author
treats the parameters of size s, position t, and orientation r independently. First, the author obtains
candidates for position t and orientation r in each stem size, then the author selects the stem size s.

The position and orientation of the stem are represented in the CT coordinate system. Its origin
is defined as the front-left-upper corner, and the x, y and z-axes as the left-right, front-back, and
upper-lower directions, respectively.

The femoral coordinate system is shown in Fig. 2.2. In the specification of femoral coordinate
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Figure 2.1: Block diagram of the proposed system.

system, the author uses the table-top plane of the femur and the peak of the lesser trochanter. The
z-axis of the femoral coordinate system is defined as the canal long axis estimated from the 3D model
of the femoral canal. The canal long axis is defined as the line connecting two points, which are the
gravity center points of two different axial cross-sectional canal shapes. The distance of the two axial
plane is 130 mm along the z-axis of the CT coordinate system, and the z-coordinate of the upper plane
is added by 30 mm to that of the lesser trochanter peak. The x-axis is orthogonal to the z-axis and
parallel to the table-top plane. The y-axis is defined as the axis orthogonal to both x and z-axes. The
origin is defined as the point of intersection of the z-axis and a line perpendicular to the z-axis that

passes through the peak of the lesser trochanter (Fig. 2.2, sagittal view).

2.2.2 Definition of objective function of stem fitness

The author formul ates preoperative planning of the stem as an optimization problem to obtain param-
eters z maximizing the stem fitness evaluate function. The criteria in stem planning are defined as

follows:
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Figure 2.2: Definition of the femoral coordinate system ((1) Sagittal view, (2) Coronal view, (3) Axia

view, (4) 3D view)).

1. Overlap of the femoral canal and stem surface is prohibited for the entire stem area.
2. Strong contact with the host bone in the specific area of the stem is desirable.
3. Maintain positional and rotational relationships with the femur.

4. Select the largest stem size unless the stem is not overlapped with of the canal.

In the proposed method, the author uses distance from the femoral cana and stem surface to describe
these criteria. A distance obtained as a negative value indicates overlap of the femoral cana and stem
surface. Conversely, a distance obtained as a positive value indicates a gap between the canal and
stem surface. In particular, when the gap is small, the author considers strong fixation to exist. In

addition to the consideration of the distance between femoral canal and the stem surface, the author

10



defines the positional and rotational constraints derived from anatomical compatibility between the
host bone and stem.

In the formulation, the position t and rotation r of the stem are described as the 4 x 4 rigid
transformation matrix T. In addition, t and r are collectively described as a six-parameter vector
q = [ta,ty,tz, 72,7y, 72]. The author determines the parameters T in stem size s, maximizing the
objective function of stem fitness F/(T), and then selects the maximum stem size. The derivation of

the optimal T is defined as the following optimization problem:
maximize : F(T)= [[g f(£|C —Tx|)dS, (X =[z,y, 2])
subjectto : =£|C'—Tx| > 0,Vx (2.1)

0o —Q9,=09=0Qp+Qq,

where S describes the stem surface, and C' describes the femoral canal. x are the coordinates of the
stem surface point, and Tx are the coordinates of x when position and orientation of the stem are T.
|C' — Tx| represents the distance between Tx and the closest point on C' from Tx. The sign of the
distance represents whether Tx isinside or outside of C'. When Tx is positioned inside (the side of
the femoral internal region ) of C, this sign is positive. Conversely, when Tx is positioned outside
(the side of the femoral host bone) of C, the sign is negative. The first expression of the constraints
describes the constraints prohibiting overlap of the entire stem area. q, is the central position and
rotation of the range of limitation, and the range of limitation is described as g..

To define the function f, the author divides the stem surface into three regions. The proximal
region of the surface is called zone one, and the distal region is called zone two (Fig. 2.3). Zone one
is a specific area in which strong contact with the host bone is required. Neither zone one nor zone
two can overlap with the femoral canal. However, other parts of the stem surface are not evaluated. In
terms of the objective function, fitness value is maximized when the gap is smaller than the constant
value, and if the gap is larger than the constant, fitness value decreases with distance. The objective

function is defined as (Fig. 2.4)

1 (0 <d< Cth)
fd) = 2 , (d==%|C—Tx)) (2.2)
—exp{— LY (¢, < d)

where ¢, and o are the parameters to be adjusted. ¢, is the threshold of the distance for which the

fitness value is maximized, and o isthe parameter of the Gaussian function that describes the decrease

11



of the fitness if the distance is larger than gy,.

2.2.3 Definition of constraints

The positional and rotational constraints used in the stem planning are determined from the height
of the stem position and the anteversion angle. The difference of the height between the femoral
head center in the preoperative stage and the tip of the stem neck in the postoperative stage should
be minimized. The anteversion angle is the angle of the femoral neck with respect to the body of
the femur (left side of Fig. 2.6). This angle affects the range of motion (ROM) of the hip joint
After surgery, the femoral neck is removed and replaced by the stem neck. Anteversion angle after
surgery is thus redefined using the stem neck (right side of the Fig. 2.6). This change also should be
minimized.

To define constraint parameters g, and g,. of the Eq. (2.1), the author refers to conventional study
of the prediction of height of the femoral head center and anteversion angle. In the prediction of the
femoral head center, applying sphere fitting to the deformed femoral head, as in the present study,
is not appropriate. The author therefore used height of the femora neck saddle instead and limited
the range to 8.3 mm of height difference from the femoral neck saddle based on a conventional study
(Fig. 2.5) [47]. The height constraint is defined based on the femoral coordinate system. Anteversion
angle is defined as the angle of the femoral neck axis with respect tothe table-top plane (Fig. 2.6)
[48]. Femoral neck axis is defined as the line connecting the femoral head center with the origin of
the femoral coordinate system, which is projected onto the xz-plane of the femoral coordinate system.
The author fixes this angle during the automated planning because the author has already confirmed
experimentally that the stem fitness value has no obvious peak along this parameter.

In the proposed method, theinitial position ¢, is defined such that the height agrees with that of the
stem neck and the anteversion angle agrees with that before surgery. In the definition of coordinate
axes, height corresponds to the trandation along the z-axis, and anteversion angle corresponds to
rotation around the z-axis. Using the criteria of the range of limitation in each axis around g, q,. iS

defined as

g, = [oo, 00, 8.3[mm], oo, oo, 0]" (2.3
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2.2.4 Optimization procedure

Derivation of the candidate in each stem sizeis performed using the Powell method with initial values
sampled within the possible solution space. The author defines the range of initial positions using g,

as

qO_qs§q1§q0+qs7 qs:[Pt7 Pt7 Pta P?“a P?“a O]T (24)

where q; isthe set of initial positions, and F; and P, are the constants that describe the range of the
initial position. In the proposed method, the author definesthesevaluesas R = 8.0 mmand P, = 4.0

deg. Thisrange liesinside the constraints, and has already been confirmed experimentally to include
the appropriate position and sufficient rotation. g; takes a discrete positions, which are sampled with
afixed interval within the solution space defined in Eq. (2.4). Theinterval of the initial position AP
is the parameter to be adjusted. The solution is obtained for each stem size. When the optimized
fitness valuesin each initial position are less than zero, the author regards this stem size as having no
solution. After determining the solution for all stem sizes, the author obtains stem size as the largest

of all sizes displaying a solution.
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2.3 Experimental results

2.3.1 Experimental procedure

The author applied the proposed method to 17 cases. Firstly, the author adjusted the parameters of the
proposed method according to an exhaustive experiment. The author then compared the automated
plans obtained using the fine-tuned parameters with the plans proposed by an experienced surgeon.
Planning results were evaluated from a surgeon as acceptable or not. The surgeon who evaluated the
automated plan and the surgeon who prepared the ground truth plan was different. The parameters
of the proposed method are ¢, and o in the evaluation function Eq. (2.2), and the sample rate of
the initial position is AP in Eg. (2.4). According to the preliminary experiment, the parameters in
Egs. (2.2) and (2.4) are independent of each other. Therefore, the author adjusted the parameters of
Egs. (2.2) and (2.4) independently. The evaluation items were the difference of position, orientation,
and size between the automated plans and the surgeon’s plans. The author compared the position and
orientation of the solution for the same size as used in the surgeon’s plan, although stem size selected
in automated planning differed from stem size selected by the surgeon, as position and orientation

change when stem size changes. The values of parameters used in the experiment were as follows:
e AP =1.0,2.0,4.0,8.0 [mm] or [deg.]
e ¢, =0.0,2.0,4.0,6.0,8.0 [mm]
e 0=0.51.0,2.0,4.0,8.0 [mm]

For the parameter tuning of the four patterns of AP, the other parameters were set as ¢, = 0.0,

o = 1.0. For the parameter tuning of ¢, and o, the author used 5 x 5 = 25 patternsand AP = 4.0.

2.3.2 Experimental conditions

The dlice thickness of the 3D-CT images was 2 mm. Field of view (FOV) was 360 mm x 360 mm.
The segmentation of the 3D model of the femoral surface and femoral canal were basically performed
with the threshold-based contour definition. The threshold values used to segment the femoral sur-
face and femoral canal were 200 Hounsfield units (HU) and 800 HU, respectively. However, when
appropriate segmentation was not possible due to ankylosis of the pelvis and femoral head caused by

dysplasia of the hip, the author used the automated segmentation system based on the statistical shape
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Figure 2.7: Centpillar GB HA Stem (Sizes 3 ~ 8)

model (SSM) proposed by Okada et al. [49]. The author used Centpillar GB HA Stems (Stryker
Orthopaedics, Mahwah, NJ, USA) of sizes 3 to 8 (Fig. 2.7), the preoperative plans made by expe-
rienced surgeons using the Stryker CT-Hip System (Stryker Leibinger GmbH & Co. KG, Freiburg,

Germany).

2.3.3 Adjustment of parameters

In the parameter adjustment of AP, when AP = 8.0, the system failed to find a solution for the
same stem size as the surgeon’s plan in three cases. Conversely, the system succeeded in finding a
solution for the same stem size as the surgeon’s plan in al caseswhen AP = 1.0,2.0,4.0. Table2.1
shows the time in each AP for the calculation of the candidate of the one stem size (including 1/0
time). The calculation time of AP = 1.0 was 1,560 min, far greater than the calculation times of the
other sizes. The top left panel of Fig. 2.8 shows the mean error (+ SD) of position and orientation
in each AP. Mean errors of position and orientation were approximately the same (approximately
3.4 mm and 5.0 deg., respectively) for AP = 1.0 and 2.0. Standard deviations of position and
orientation were also approximately the same (approximately 1.6 mm and 2.8 deg., respectively) for
AP = 10and 2.0. When AP = 4.0, mean errors of position and orientation were 3.7 mm and
5.2 deg., respectively, and standard deviations of position and orientation were 2.9 mm and 2.8 deg.,
respectively. Although mean errors were approximately same as those if AP = 1.0 and 2.0, standard
deviation of the positional error was larger than those of AP = 1.0and 2.0.

In the parameter adjustment of ¢;, and o, the calculation time of optimization for the entire stem
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size, which was approximately the same in al conditions, was approximately 20 min. The top right
panel of Fig. 2.8 shows the number of cases in which the difference in stem size from the surgeon’s
plan was less than one size. When ¢, < 2.0 and o < 2.0, differences in stem size selection were
less than one size in al cases. The bottom of Fig. 2.8 shows mean errors of position in each ¢,
and 0. Mean positional errors increased when ¢, > 6.0. On the other hand, the positional error
changed little and the error was small when ¢;, < 6.0 except for ¢;;, = 0.0, 0 = 0.5. The smallest
positional mean error, 3.7 mm, was attained when ¢;, = 1.0 and ¢ = 1.0. Mean orientation errors

were approximately 5.3 deg. in al conditions. Few changes were seen with changes of parameters.

2.3.4 Resultsof automated planning with fine-tuned parameters

From the results of the adjustment of parameters, the author sets the parameters as AP = 2.0,
¢, = 0.0, and o = 1.0. Calculation timein entire stem size was approximately 360 min in each case.
Stem size difference was less than one size in all cases. According to the assessment of the surgeon,
14 cases were accepted and three cases were rejected. Figure 2.9 shows mean errors of position and
orientation in each coordinate axis of the groups of accepted and rejected cases. Mean positional error
was 3.2 mm in accepted cases and 4.0 mm in rejected cases, and mean orientation error was 4.6 deg.
in accepted cases and 7.0 deg. in rejected cases. The difference between the accepted cases and the
rejected cases was larger in the mean orientation error than the mean positional error. Particularly, the
mean orientation error of z-axis was large in the rejected cases.

Figs 2.10 and 2.11 show the typical planning results by the experienced surgeon and the proposed
method. The planning result of the accepted case is 2.10 and that of the rejected case is 2.11. The
color map on the stem surface indicates distance between the stem surface and femoral canal, which
was used in the calculation of stem fitness. Yellow and green areas are considered areas of strong
stem fitness. In Case 5 (fig. 2.10), positional error of the automated plan was 0.5 mm, and orientation
error was 3.4 deg. Conversdly, in case 1 (fig. 2.11), positional error was 5.5 mm, and orientation error
was 9.2 deg. Incase 1 (fig. 2.11), the orientation error of the z-axis was particularly different between

the automated planning result and the surgeon’s plan.
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Table 2.1: Result of parameter adjustment: calculation timein each AP [min]

Calculation time [min]
AP=80 05
AP=40 5
AP=20 75
AP=10 1560

2.4 Discussions

The author has developed an automated planning system to properly determine the size, position, and
orientation of each implant by maximizing stem fitness. The author then adjusted parameters of the
criteriafor the proposed method to apply this method to the Centpillar GB HA stem.

The author discusses the parameter adjustment of AP, ¢, and o. AP isthe sample rate of initial
positions in the optimization. For AP = 8.0, in three cases, the automated system failed to find
a solution for the same stem size as that used in the surgeon’s plan. In addition, mean errors were
larger than those of the other conditions of AP. Asaresult, AP isthought to affect the precision
of optimization. A P also affects calculation time, as local optimization is performed cyclopaedically
in the solution space q;, which is sampled by AP. Considering the calculation time of the results
for AP = 1.0 and 2.0, AP = 1.0 required a calculation time 22 times longer than that for AP =
2.0 although the mean errors of position and orientation were approximately same. According to
these results, the author considers AP = 2.0 as the balanced value of this parameter. ¢, and o
represent the relationship between distance between the femoral canal and stem surface and stem
fitness, respectively. As these parameters increase, latitude of the gap between the stem surface
and femoral cana aso increases. When ¢, > 4.0 or ¢ > 4.0, the automated system failed to
find a solution for the appropriate stem size. Positional error was also large under these conditions.
Conversely, although ¢, < 4.0 and o < 4.0, positional error was large when ¢, = 0.0 and o = 0.5.
Positional errors of the rest were aimost the same. The results indicate that the ranges of parameters

for obtaining reasonable plans are 0.0 < ¢, < 4.0 and 1.0 < ¢ < 2.0. The author determined
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Figure 2.8: Results of parameter adjustment. Top left: mean error (+SD) of position and orientation
in each AP. Top right: number of cases in which the difference in size on automated planning is
less than 1 size. Bottom left and bottom right: mean difference of position and mean difference of

orientation, respectively, for the proposed method.

i, = 0.0 and o = 1.0 after taking into account the design principle of the stem that strong fixation
with no gap is required.

The author discusses the performance of the proposed system based on the automated planning
results obtained with the fine-tuned parameters. In stem size selection, the difference between the
automated system and the experienced surgeon was less than one sizein al cases. Thisresult appears
acceptable, as stem selection varies in size to some extent because of limb length adjustments. In
addition, the surgeon accepted the automated plan in 14 cases. The remaining three cases were

acceptable after slight adjustment by the surgeon. According to these facts, the author consider that
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Figure 2.9: Mean error of automated planning with fine-tuned parameters of accepted and rejected

cases as assessed by a surgeon.

the proposed method is applicable as an automated preoperative planning system. The remaining
problem that appeared in rejected cases was performance of the determination of orientation. The
mean error of orientation in cases rejected by the surgeon was 7.0 deg. The author consider that
thisis due to insufficient description of the surgeon’s expertise. In the proposed method, orientation
along the z-axis, which was assigned with the angle of anteversion, was fixed as the original femoral
anteversion by the constraints (described in §2.2.3). However, the surgeon often does not use this
criterion in adjusting the angle, considering the fitness in the stem neck area. To overcome this
problem, the author will define the fitness in the stem neck and estimation of the orientation of the
z-axis.

In the proposed fitness function, the small gaps between the stem and canal surfaces are allowable.
Thiscriterion isbased on the clinical knowledge that the small gaps will be filled due to bone regrowth
so that sufficient fixation is attained. Therefore, the author does not consider that these small gaps
cause problems. In addition, the author did not precisely adjust the areafor contact evaluation within
ZonelinFig. 2.3. Inmy preliminary experiments, the author compared the results of between several
patterns of specific areas and the whole area of Zone 1, and significant differences were not observed
as long as the Centpillar stem was used. Thus, the author did not precisely adjust the evaluation area.

In general, segmentation requires agreat deal of work, since the user must segment manually in all
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Figure 2.10: Visualization of planning results for an accepted case (Case 5). ((a) Surgeon’s plan, (b)
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Figure 2.11: Visualization of planning results from arejected case (Case 1). ((a) Surgeon’s plan, (b)

Automated plan).
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slices of the CT images. About one hour is required for this method for manual segmentation of the
femur and femoral canal. In the proposed system, the author employed the automated segmentation
procedure of the 3D femur and femoral canal shapes proposed by Okada et al. [49] to overcome this
problem. This automated segmentation procedure uses the SSM, which describes the statistical trend
of the shape constructed from manually segmented shape models. Using this method, the manual
operation time of segmentation decreases to five minutes for obtaining anatomical feature points.
Since the segmentation is performed automatically based on several anatomical feature points on the
femur, the workload for the surgeon is small. Therefore, the author considers that the segmentation
of the femur and femoral canal region is not a serious problem in clinical use.

The proposed method takes approximately 360 minutes for automated planning in the current im-
plementation. The author considers that some parallel computation frameworks may be able to over-

come this problem.

2.5 Conclusion

The author has developed an automated planning system of the stem for THA. By executing exhaus-
tive parameter tuning of the objective function, the author succeeded to achieve the planning results
which were similar to the experienced surgeon’s plans. The author believes that the workload of the
surgeon can be reduced in preoperative planning. The proposed system would thus increase the use-
fulness of various intraoperative surgery systems, such as surgical navigation and robotics systems,
One remaining problem is requirement of the parameter tuning of the objective function.

In the future, the author will incorporate criteria of a mechanical analysis and the evaluation func-
tion of stem fitness without adjustment of parameters. Asaprevious study, Reggiani et al.[17] reports
amechanical analysis framework of the stem planning based on afinite element model (FEM) analy-
sis. However, the criteria of preoperative planning to achieve appropriate distributions of stress have
not yet been proposed. If these criteria are proposed, reality-based planning with more than only the
one criteria of stem fitness will be possible. In addition, to define stem fithess evaluation function
without adjustment of the parameter, the author will apply a method based on statistical analysis of

the surgeon’s plans.
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Atlas-based approach and validation of
automated planning of femoral implant

(stem)

23



Abstract

Atlas-based methods for automated preoperative planning of the femoral stem implant in total hip
arthroplasty are described. Statistical atlases are constructed from a number of past preoperative plans
prepared by experienced surgeons in order to represent the surgeon’s expertise of the planning. Two
types of atlases are considered. One is a statistical distance map atlas, which represents surgeon’s
preference of the contact pattern between the femoral cana (host bone) and stem (implant) surfaces.
The other is an optimal reference plan, which is selected as the best representative plan expected
to minimize the deviation from the surgeon’s preferred contact pattern. These atlases are fitted to
the patient data to automatically generate the preoperative plan of the femoral stem. In this paper,
the author formulates a general framework of atlas-based implant planning, and then describe the
methods for construction and utilization of the two proposed atlases. In the experiments, the author
used 40 cases to evaluate the proposed methods and compare them with previous methods by defining
the errors as differences between automated and surgeon’s plans. By using the proposed methods, the
positional and orientation errors were significantly reduced compared with the previous methods and
the size error was superior to inter-surgeon variability in size selection using 2D templates on an

X-ray image reported in previous work.
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3.1 Introduction

The surgical CAD/CAM paradigm is a common framework for computer assisted surgery [1]. In
this paradigm, the CAM systems, that involve intraoperative robotic and computer-guided assistance,
ensure accurate execution of preoperative plans constructed using the CAD systems. Tota hip arthro-
plasty (THA) is an implant surgery , which particularly fits the surgical CAD/CAM paradigm [3].
In its preoperative planning stage, the sizes of the implants and their 3D positions and orientations
relative to the host bones are planned, and then the plan is intrapperatively executed using robotic
and computer-guided assistance. The latter CAM systems have been intensively studied for the past
two decades [4, 7, 8], and quite a few commercialized systems have been developed [2, 5, 6]. Now
that 3D preoperative plans can be executed with high accuracy using the CAM systems, preoperative
planning in 3D is regarded as virtually equivalent to performing actual surgery, and thus it becomes
highly important once well-developed intraoperative CAM systems are available. Nevertheless, the
preoperative planning has not received much attention compared with intraoperative assistance, and
its time-consuming and subjective nature is one major obstacle against wide practical use of intraop-
erative systems for THA.

Preoperative planning for THA using 3D CT data has been mainly implemented as interactive sys-
tems [6, 12, 13, 14]. These systems typically visualize 3D spatia relations between implants and
host bones while quantitative information such as fit-and-fill [15, 16] can be monitored in reatime
so as to provide the surgeon with objective information. More recently, biomechanical analysis has
been incorporated to evaluate the risk of fracture and implant loosening [17, 18, 19]. Although these
quantitative evaluations are useful for improving objectivity and validity of the planning result, user
interactions involving trial and error will be still necessary to prepare tentative size selection and po-
sitioning as input data for the analysis, which may be time-consuming as well as reduce objectivity
[20]. One possibility to solve the problem is to automate the planning process by formulating it as an
explicit optimization problem. In this paper, the author addresses the problem of automating preop-
erative planning and put my focus on planning of the femoral component, which is called “femoral
stem”, in THA.

Nowadays, navigated THA is routinely used in some hospitals. Especialy in Japan, CT-based

3D preoperative planning is often performed for THA. A large number of the preoperative plans
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constructed by well-experienced surgeons are accumulated in some of the hospitals. The feedback
of these past planning datasets can potentially improve the future planning. Closed-loop surgery to
make the best use of past surgical data for future surgery is a recently-emerged paradigm [23]. A
typical representation scheme to realize this paradigm is statistical atlas, which has been intensively
applied to solve various problems of medical image analysis [24, 26, 27, 28, 29, 30]. Optimization of
prostate biopsy planning is a successful application on surgical planning, in which probabilistic atlas
of cancer distributions is utilized [31, 32]. More recently, automated implant fitting was performed
for optimizing implant design [33]. In these methods, however, utilized statistical information was
on patient anatomy and pathology rather than surgeon’s expertise of planning. There have been
a few existing studies utilizing the expertise in past preoperative planning datasets. The femoral
implant planning in THA was performed using one of the past planning datasets [22]. As a different
application, assistance in radiation therapy planning based on retrieval of similar cases from the past
planning database is reported [34]. However, statistical representation of the expertise was not utilized
in the both studies. Aslong as the author knows, statistical information on preoperative planning has
not been directly embedded in an atlas representation so as to model not only patient anatomy and
pathology but also expertise of the planning, except for preliminary reports of the author’'s works
[50, 51].

In this paper, the author describes an investigation of atlas-based approaches to automated planning
of the femora stem component in THA. To the author’s knowledge, there have been two existing
methods of automated femoral stem planning using 3D patient data. One is the author’s previous
method which optimizes a user-defined objective function [52]. The other is a method using a refer-
ence CT dataset and a preoperative plan on it [22]. The former method needs adjustment of several
parameters involved in the objective function. The latter method uses only a single dataset of preop-
erative plan as areference, and how the reference dataset is selected and constructed was not shown
in spite that the result will largely depend on the reference. In order to overcome the problems of
the existing methods, the author proposes methods which are formulated as optimization problems

having the following features.
1. No parameters to be adjusted are involved in the objective function.

2. Constraints derived based on statistical analysis of a number of past planning datasets con-
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structed by an experienced surgeon are embedded in the objective function.
In order to realize the above features, the author has developed the following two different methods.

1. The contact pattern between the stem surface and the host bone which the surgeon prefers is

statistically modeled and utilized for automated planning.
Its preliminary report isfound in [50].

2. A method for selecting the optimal reference CT and planning dataset from a number of past

planning datasets is newly added as an improved version of the method described in [22]

Since experimental validations were insufficient for the existing two methods [52, 22], the author
performs a comparative study to clarify the characteristics and performance of the proposed and
existing methods.

The structure of this paper is as follows. In Section 3.2, preoperative planning of the femoral stem
isformulated as an optimization problem and the two methods are proposed based on thisformulation.
Section 5.3 describes results of a comparative study which is performed to evaluate performances of

the proposed methods. Section 3.4 describes discussions and this study is concluded in Section 3.5.

3.2 Methods

3.21 Oveview

Problem formulation of the automated planning

Figure 3.1 shows the system overview of automated planning of the femoral stem. Given the patient
CT dataset I and the surface models M of a femoral-stem implant design with available sizes, the
system selects the proper size of the implant and determines its position and orientation, which are

best fit to the patient anatomy. The problem is regarded as
©* = argmax f(0;1, M), (3.1
)

where f(©; I, M) isthe objective function and © isavector of theimplant parameters to be optimized

given by

0 ={T,s}, (32)
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Figure 3.1: Overview of automated planning.
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Figure 3.2: Femoral coordinate system and stem implant placement. (a) Definition of femoral coor-
dinate system. (b) Femur whose head and neck are cut by osteotomy and femoral stem placed into

the canal.
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where T isa4 x 4 matrix describing the stem pose (including position and orientation), and s is a
numerical indication of the stem size, where the available sizes are finite. In the following, M is not

indicated for simplification, and Eq. (3.1) is rewritten by

©* = argmax f(0; ). (3.3)
©

Femoral anatomy and stem implant placement

The author introduces the anatomical coordinate system of the femur (Fig. 3.2(a)), which isdefined in
[?], in order to characterize the stem planning. The coordinate system is determined so that the z-axis
corresponds to the femoral shaft axis, the z-axis the direction connecting the two condyle points, and
the origin the projection of the lesser trochanter point to the z-axis. The anatomical features needed
for determining the coordinate system are localized from CT image using the method proposed in
[53, 54], which is briefly described in 3.3.2.

The femoral stem is placed into the femoral canal (Fig. 3.2(b)). During the surgery, the femoral
head and neck is cut before stem placement. In the preoperative planning, once the implant parame-
ters © have been determined, the osteotomy planes are automatically determined from them. Thus,

determination of © defines the osteotomy planes, implant size, and positioning.

Basic concept of atlas-based approach

Design of the objective function is a main issue to implement the automated planning system. Two
typical criteriain orthopedic implant placement are strong implant-bone fixation and recovery of the
original anatomy. In case of the femoral stem placement, the former criterion is related to the stem
fit to the femoral canal, and the latter the agreement in the femoral anteversion angle between before
and after the surgery, where the anteversion angle corresponds to the rotation angle of the femoral
neck axis around the z-axis of the femur coordinate system. Figure 3.3 shows examples of the stem
planning prepared by an experienced surgeon. The color maps on the stem surface of the upper row
represent the distance maps between the femoral canal and stem surfaces, which reflect the bone-
implant fit. They are not uniform over the stem surface and show a similar pattern. The lower row
shows agreement in the anteversion angle between the original anatomy and preoperative plan. While

the anteversion angle looks almost the same in Cases 1 and 2, there is considerable difference in Case
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Figure 3.3: Typical examples of stem positioning prepared by experienced surgeon. In each case, =z,
y, and z-axes represent the femoral coordinate system. Upper: Inthefrontal view of each figure, color
maps on the stem surfaces represent the distribution of distances between the stem and femoral canal
surfaces. Red indicates penetration, white contact, and blue gap between stem and femoral canal
surfaces. Lower: The anteversion angle before stem positioning is the angle between the zz-plane
and the original femoral neck axis. The anteversion angle after stem positioning is the angle between
the zz-plane and the stem neck axis. The difference of the anteversion angles before and after stem

positioning is indicated.
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31




3, where there might be a compromise of the two criteria. Typicaly, balancing different criteriain the
objective function may involve trial and error of parameter tuning. Furthermore, the surgeon may use
implicit criteria which are not clarified. These balancing and criteria are expected to be embedded in
statistical atlas.

Figure 3.4 shows a schematic diagram of the atlas-based approach. In order to derive the objective
function, the stem planning datasets which were prepared by the surgeon in past THA surgeries are
used astraining datasets to construct astatistical atlas of the stem planning. Let A(L) bethe statistical
atlas constructed from training datasets L which consists of n planning datasets I; (i = 1,2, -, n).

In this paper, the author defines the objective function as
f(©;1) = g(R(I), A(L); ©), (34)

where R(I) isarepresentation used for atlas matching, which is obtained from patient CT data 7, and
g(R(I),A(L); ©) thesimilarity measure between R(I) and A(L) given the implant parameter vector
©. Theformat of R(I) dependson A(L) and g(R(I), A(L);©).

In this paper, the author proposes two methods to represent atlas A(L) and define the similarity
measure g(R(I), A(L); ©). One representation scheme of A(L) isa“statistical distance map atlas’,
which isin the form of the distance map on the stem surface to the canal surface. The other isan “ op-
timal reference plan atlas’, which is one set of araw CT dataset and a positioned stem on it selected
asan optimal reference. In the following, the details of the definitionsof A(L) and g(R(I), A(L); ©)
in these two methods are described, followed by the descriptions of the optimization procedure to

obtain © maximizing the objective function f(©;1) = g(R(I), A(L); ©).

3.2.2 Statistical distance map atlas

The distance map on the stem surface, which represents the distribution of the signed distance of
bone-implant gap or penetration, is regarded as related to the stem fit [16]. That is, small distance
area represent tight contact while large not. The contact pattern that the surgeon prefersis considered
to avoid one-sided or unbalanced contact and realize the best-balanced contact. In order to model
the bone-implant contact pattern that the surgeon prefers, the average and standard deviation (SD)
of the distance maps in the training datasets are calculated and utilized as the atlas A(L). When the

statistical distance map atlas is constructed and utilized, the author assumes that the femoral canal
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Figure 3.5: Statistical distance map construction.

surface is segmented from CT data. A recently developed automated segmentation method using

statistical shape modelsis used for this purpose [53].

Definition of atlas

A femoral stem design consists of different sizes of the stem, and a specific size is selected for each
planning dataset. To integrate the distance maps calculated on the stem surfaces of the different
sizes, nonrigid registration among them is performed because the stem shape dlightly differs among
different sizes. In this study, the author uses a point-based nonrigid registration method [55] for this
purpose. After theinitialization using the coordinate system attached to each size of the stem (shown
inFig. 3.6(8)), the set of vertex positions b; (j = 1,2, -- -, m) in the polygon model of one reference
stem surface is registered to the stem surface of each size to obtain 3D positions corresponding to b
at each size s, which the author denotes by b;(s).

Figure 3.5 shows an overview of the construction of the statistical distance map atlas. The author

uses the signed distance to represent the distance of the gap between the stem surface and cortical
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bone surface of the femoral canal, where the penetration of the stem to the cortical bone tissues is
represented by negative distance. Let d(x, .S) be the signed Euclidean distance from 3D position x to
the closest point on surface S. Thedistance map D(L;) of thei-th training dataset L;(i = 1,2,---,n)
is defined as

D(L;) = {dij|dij = d(Tibj(s:),Q:)}, (3.5

where d;; denotes the distance value assigned to the j-th vertex b; of the stem surface, 7; 4 x 4
matrix describing the stem position and orientation, s; the stem size, and (); the femoral canal surface

segmented from 3D CT data.

The statistical distance map atlas A(L) is given by
A(L) = {DM(L)aDU(L)}a (36)

where D,,(L) and D, (L) denote the average distance map and standard deviation map, respectively,

defined as
Du(L) = {Mj | 1y = %Zdij}a (3.7)
=1
Do(L) = {O'j |oj = $ %Z(dz‘j - Mj)z} ) (38
=1

respectively, in which y; and o; denote the average and standard deviation of the distance at the j-th

vertex of the stem surface, respectively.

Similarity measure

The similarity measure for the statistical distance map atlas is defined based on least squares of the dif-
ference between the average distance map 1; and the patient distance map d(7'b;(s), ()) determined

by the implant parameter © = {T', s} and the femoral canal surface ¢ segmented from patient 3D CT
data /. By normalizing by the standard deviation map o;, the similarity measure g(R(I), A(L); ©)

for the statistical distance map atlas is defined as

m

g(R(1), A(L);©) = =

=1

L

(d(Th;(s), Q) — pj)*. (3.9)

o7
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3.2.3 Optimal reference plan atlas

Viceconti et a. proposed to use areference stem plan prepared on a CT dataset [22]. A new patient
CT dataset, on which the author wants to prepare the stem plan, is registered with the CT dataset of
the referent plan using scaled-rigid registration to obtain the implant parameters. The obtained scale,
trandlation, and rotation parameters combined with the reference stem plan provide the stem size,
position, and orientation for the new patient dataset. While one case of the plan, which consists of a
CT dataset and the plan on it prepared by the surgeon, israndomly selected from the training datasets
in the original method [22], the author proposes the method for selecting the optimal reference plan

in this paper.

Definition of atlas

The optimal reference plan is selected by applying a leave-one-out method within training datasets.

The suitability as areference is evaluated for each dataset as follows:

1. Among the training datasets L, one dataset is selected as a tentative reference dataset, which

the author denotes by Lj..

2. By using L;, as the reference dataset, the automated planning procedure described in 3.2.3 is
applied to CT dataset in each of al the training datasets excepting I to obtain the automated

planning result.

3. Performance of the tentative reference dataset I, is evaluated based on comparison between

the automated planning results and surgeon’s plans for the datasets excepting ..

After al the datasets are evaluated as a tentative reference using the above procedure, the dataset
which shows the best performance is selected as the optimal reference.

Asaperformance index, the author uses similarity in the distance map on the stem surface between
the automated and surgeon’s plans. The performance index for dataset I;, when dataset L, is used

for reference, iswritten as

m

p(Li; L) = = > _(d(Tixbj(sir), Qi) — d(T{b;(s), Qi) (3.10)

J=1

where T;;. and s;;, are automated planning parameters for dataset I; obtained when L;, is used asthe

references, 77 and s, surgeon’s, ); femoral canal surface segmented from CT datain L;, and d(x, S)
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the signed distance from x to surface S. The optimal reference I, is selected, which maximizes

> p(Liy L) (3.12)
i=0
Note that the negative sign is added to the deviation from the surgeon’s plan in Eq. (3.10) to be

explained as asimilarity measure and, thus Eq. (3.11) should be maximized.

Similarity measure

The similarity measure for the optimal reference atlas is based on the similarity measure used in
intensity-based volume registration between the CT data of the reference plan, I., and the patient CT
data I on which the author wants to prepare the plan. Normalized cross-correlation is used for this
purpose, which is the same as the original method proposed by [22] and thus the similarity measure

isgiven by
9(R(I), A(L);©) = C(I, I;; AT, As), (3.12)

where C'(I, I,; AT, As) denotes normalized cross correlation of I and the transformed version of ]

by trandation and rotation AT and scale As, and AT and As are given by
AT =TT, (3.13)
and
As = t(s)/ts(s0), (314)

inwhich 7" and s (© = {T, s}) denote the implant parameters (translation and rotation 7" and size
s) which the author wants to estimate, 7, and s,. those given as the optimal reference plan, and ()

the conversion table to obtain the actual scale value from the numerical indication of the stem size
s. Note that s or s, denotes just a numerical indication of the stem size as described in 3.2.1 and
does not exactly correspond to the actual size. The conversion table is obtained beforehand by scaled
registration among different sizes of the stem surfaces. In order to estimate T and s, AT and As
maximizing C'(I, Ir; AT, As) are firstly obtained, and then 7" and s are calculated using 7, and s,

of the reference plan and Egs. (3.13) and (3.14).
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Figure 3.6: Rough alignment of femoral stem to the femur. (a) Coordinate system of femoral stem
(provided by implant manufacturer). (b) Alignment of stem coordinate system to femur coordinate
system. The coordinate systems denoted in dashed and solid lines correspond to those of the femur

and stem, respectively.

3.2.4 Optimization procedure

Powell’s Method [56] is utilized to obtain the implant parameters © maximizing Eq. (3.4). In order to
avoid unwanted local maxima, the author uses multiple initial values. Large uncertainty is typically
involved in the trandation along the z-axis and rotation around the z-axis in the femoral coordinate
system. Therefore, the author uses several initial values for these two degrees of freedom. In order
to obtain areference position and orientation of the stem for positioning the initial values, the author
assumes that a method for rough alignment of the stem and femoral coordinate systemsis available.
By using the reference obtained by the rough alignment, several initial values are set within the
predetermined range of the z-coordinates centered at the reference position and the predetermined
range of the rotation around the z-axis centered at the reference orientation. The details of initial

value setting are described in 3.3.1.
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A particular method for the rough alignment of the femoral stem which the author used in this
paper isasfollows. Fig. 3.6(a) showsthe coordinate system of the stem used in this study. Fig. 3.6(b)
shows its rough alignment to the femur. As shown in the front view of Fig. 3.6(b), the z-axis of the
stem coordinate system is aligned to that of the femoral coordinate system, and then its z-position
in the femora coordinate system is determined so that the zy-plane of the stem coordinate system
passes through the saddle point of the femoral neck. As shown in the front view of Fig. 3.6(a), the
rotation around the z-axis of the stem coordinate system is determined so that the direction of the
x-axis of the stem coordinate system passes through the projection of the femora head center onto
its zy-plane. The anatomical features needed for the alignment are localized from CT image using
the segmented femur region and surface obtained by the method proposed in [54, 53], in which the
surface nodes are anatomically labeled. The femoral neck saddle islocalized as a position where the
topology of the segmented femur region in the axial plane changes along the z-direction. The femoral

head center is obtained by fitting the sphere to the surface nodes labeled as the femoral head.

3.3 Experimental results

A comparative study was performed to clarify the characteristics and performance of the proposed
and existing methods. In this section, firstly experimenta conditions are described in 3.3.1, and then
methods for automated segmentation of the femoral canal and localization of anatomical landmarks
are briefly described in 3.3.2. Experimental methods and results are described in 3.3.3 and 3.3.4,

respectively.

3.3.1 Experimental conditions

To evaluate the methods, the author used 40 planning datasets of the osteoarthritis patients, which
had been actually used for computer-navigated THA surgery at Osaka University Hospital. Each
dataset consisted of 3D CT data and the stem plan prepared on it by the surgeons. The dlice thickness
and reconstruction pitch of CT data were 2.0 mm. The field of view was 360 x 360 mn¥ and the
matrix size was 512 x 512. Regarding the stem design, CentPillar GB HA stem system (Stryker
Orthopaedics, Mahwah, NJ, USA), which is a so-called anatomical stem and designed based on the

anatomical shape of the femoral canal, was used. Six different sizes from three to eight were used for
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planning. The stem planning by the surgeon was performed using commercially available interactive
THA planning software, Stryker CT-Hip System (Stryker Leibinger GmbH, Freiburg, Germany).
Although planning was not performed by a single surgeon, the surgeons who prepared the plans
belonged to the same team and the criteria for the planning were regarded as the same.

Regarding the optimization procedure, initial values of T' were determined in the following way.
Let po and ry be the reference position and orientation determined by the rough alignment described
in 3.2.4. Given the py and rq as the center of theinitial value range, nine values were considered for
tranglation along the z-axis from -16.0 mm to +16.0 mm with 4.0 mm interval. Similarly, nine values
for rotation around the z-axis from -16.0 deg. to +16.0 deg. with 4.0 deg. interval. Consequently, 9 x
9 = 81 combinations of theinitial values were used. These range and interval were determined based
on the results of preliminary experiments. The above initial value setting was used in the experiments

of all the proposed and existing methods.

3.3.2 Automated segmentation of femoral canal and localization of anatomical land-

marks

In order to apply the statistical distance map atlas to the patient data, segmentation of the femoral
canal from CT data is necessary. Furthermore, to define the femoral coordinate system (3.2.1) and
perform the rough alignment (3.2.4), localization of several anatomical landmarksis necessary. These
processing tasks were performed using the femur region and surface model segmented by a method
based on hierarchically organized statistical shape models (SSMs) [53]. After initial manual spec-
ification of five anatomical landmarks on the pelvis needed for determining the pelvic coordinate
system [4], the pelvis-femur integrated SSM is fitted to CT data, and then fitting of the individual
femur SSM and pelvis SSM were performed, followed by femoral canal SSM fitting. Excepting the
initial manual specification, segmentation of the femoral canal was performed automatically. Because
anatomical information can be embedded in SSMs, not only segmentation but also anatomical land-
mark identification needed for the above tasks was possible. Automatically segmented femoral canals
and localized anatomical landmarksin all 40 patient CT datasets were checked by an experienced sur-
geon. Asaresult, it was confirmed that reasonable accuracy was achieved in all cases. Therefore, the

author used these segmentation results without any manual modification.
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3.3.3 Experimental methods

The two proposed methods and two existing methods were applied to the 40 datasets for the compar-

ative study. In the following, the two proposed methods are denoted as follows:

1. Statistical-DM: Statistical Distance Map atlas (described in 3.2.2).

2. Optimal-RP: Optimal Reference Plan atlas (described in 3.2.3).
The following two existing methods were compared with the proposed methods.

3. Manual-DM: Manual Distance Map atlas [52] is the specific areas on the stem surface to be
contacted to the canal surface, which are manually selected by an experienced surgeon. In order
to estimate the implant parameter, the summation of the distances between the canal surface and
the specific areas of stem surface is minimized while the rotation around the z-axis is fixed to

the measured anteversion angle.

4, Random-RP : Random Reference Plan atlas [22] is summarized in the first paragraph in 3.2.3.

All the four methods estimated the implant parameters © = {7, s}. The evaluation of the methods
was based on the error of the estimated parameters, which was defined as the difference between the
parameters estimated by the methods and those of the surgeon’s plans. Leave-one-out cross validation
was performed using the 40 patient datasets excepting Manual-DM, in which training datasets were
not involved. The author also performed paired ¢-test as a significance test.

Regarding the proposed methods, the effects of the number of the training datasets were also eval-
uated. The error was evaluated using a variation of leave-five-out cross validation. Ten different
combinations of randomly selected five datasets were used as the test datasets. The number of the
training datasets was varied from 1 to 35 and training datasets were randomly selected from the re-
maining datasets for each of the test datasets. The average of the errors was calculated for each

number of the training datasets.

3.34 Reaults

Table 3.1 shows the averages and standard deviations (SD) of the size, positional, and orientation
errors, including the z, y, and z components on positional and orientation errors. The average errors

of the two proposed methods were smaller than the existing methods on all aspects. The average size
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Table 3.1: Average error and standard deviation (SD) of planning errors (average + SD).

Proposed methods Previous methods
Statistical-DM Optimal-RP Manual-DM Random-RP
Size error 05+ 06 06+ 06 08+ 06 09+09
36+20 40+21 55+22 59+ 3.6
Positiond  « 1.2+0.38 1.3+038 21+16 15+10
error [mm] y 14+09 12408 27+18 16+12
z 26+23 32+25 33+25 47+41
35+21 39+22 47+ 29 6.3+ 3.8
Orientation « 0.7+ 05 0.6+ 0.6 1.2+09 1.0+ 0.7
error [deg.] v 0.8+ 0.7 0.8+ 0.6 1.6+ 1.0 1.0+ 0.7
z 32+22 3.7+23 39+ 30 6.0+ 4.0

error was 0.5 and 0.6 in the proposed methods, Statistical-DM and Optimal-RP, respectively while 0.8
and 0.9 in the existing methods, Manual-DM and Random-RP, respectively. The average positional
error was 3.6 mm and 4.0 mm in Statistical-DM and Optimal-RP, respectively while 5.5 mm and 5.9
mm in Manual-DM and Random-RP, respectively. The average orientation error was 3.5 deg. and 3.9
deg. in Statistical-DM and Optimal-RP, respectively, while 4.7 deg. and 6.3 deg. in Manual-DM and
Random-RP, respectively. Among the x, y, and z components, the error in the z component was the
largest in both positional and tranglational errorsin all the four methods due to the elongated shapes
of the femora stem and canal along the z-axis.

Figure 3.7 shows detail ed results of the size error of the four methods. In Fig. 3.7(a), the histogram
of the size error is shown. Out of 40 cases, the size was the same as the surgeon’s plan in 21 and
20 cases in Statistical-DM and Optimal-RP, respectively, while 14 and 16 cases in Manual-DM and
Random-RP, respectively. In Fig. 3.7(b), the joint frequency distributions of the automated and
surgeon’s size selections are shown in a matrix form. The inter-class correlation (ICC) value of the

automated and surgeon’s sizes is also shown for each matrix. |CC values were 0.87 for Statistical-
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DM and 0.81 for Optimal-RP which were higher than the previous methods (0.76 for Manual-DM
and 0.69 for Random-RP).

Fig. 3.8(a) showsthe box plots of the positional error and orientation error, respectively. Fig. 3.8(a)
a so shows the results of paired ¢-test. Statistical significance was observed in most pairs consisting
of the proposed and existing methods while no significance was observed between the two proposed
methods athough Statistical-DM was dightly better than Optimal-RP. Especialy, significance was
observed in al the pairs between Statistical-DM and the existing methods on the positional and ori-
entation errors. Regarding the size error, no significance was observed in any pairs among the four
methods.

Figures 3.10 to 3.12 show illustrative cases of the planning results. The three cases shown in Figs.
3.10 to 3.12 are the same cases as those in Fig. 3.3. In these three cases, it is observed that the
color-coded distance map appeared similar to the surgeon’s plan in the proposed methods while not
in the existing methods, especially, Manual-DM. Case 1 isatypical case in which the two proposed
methods showed better performance where their distance maps were more similar to the surgeon’s
than the previous methods. In Case 2, the size differed by one size in Optimal-RP where the distance
map showed dight penetration compared with Statistical-DM. In Case 3, the rotation angle around the
z-axisin the surgeon’s plan was largely different from the anteversion angle of the patient as shownin
Fig. 3.3. While Manual-DM, which directly measures the anteversion angle, successfully estimated
it but failed to approximate the surgeon’s plan, Statistical-DM successfully reproduced the surgeon’s
plan with relatively small error, in which the distance map was similar to surgeon’s one.

Figure 3.13 shows the effects of the number of the training datasets on the size, positional, and ori-
entation errors in the proposed methods. Although the size error in Statistical-DM and the orientation
error in Optimal-RP still appeared to be decreasing at the maximum number of training datasets, other
errors did not change at large numbers and it could be considered that the convergence was mostly
attained. Note that the resultsin Fig. 3.13 (at n = 35) were different from those in Table 3.1 and Figs.
3.7 and 3.8 because the test and training datasets were different.

The average computation time per one case was roughly 2 minutes in Statistical-DM, 150 minutes
in Optimal-RP, 20 minutes in Manual-DM, and 150 minutes in Random-RP on Intel Xeon dual core
processor (3.0 GHz and 16 GB main memory). In Optimal-RP and Random-RP, voxel-based scaled

rigid registrations using 81 different initial positions were required, which was amain cause of longer
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computational time. In contrast, computational cost was smaller in Statistical-DM and Manual-DM

because computation was needed only on the stem surface.

3.4 Discussion

3.4.1 Significance of using statistical atlasin femoral stem planning

In this paper, the author has addressed the problem of automated preoperative planning of the femoral
stem implant in total hip arthroplasty (THA). The performance of the proposed methods using statis-
tical atlases was compared with the previous methods. The error, which was defined as the difference
between the automated and surgeon’s plans, was reduced in all of size, position, and orientation by
using the proposed method in the leave-one-out cross validation using 40 cases which were actually
used in past THA surgery. Especialy, the error reduction was statistically significant in position and
orientation. Regarding the size error, its reduction was not significant. AsshowninFig. 3.7, however,
size selection of the proposed methods was the same as the surgeon’s selection in more than half cases
among all the cases the author tested. In addition, ICC (intra-class correlation) of the size selection
between the surgeon and Statistical-DM was sufficiently high (0.87). It should be noted that this ICC
value is higher than inter-surgeon ICC of the size selection using 2D implant templates on an X-ray
image (0.77), which is reported in [57]. Even though the datasets were different and the comparison
is made between 3D and 2D, the author considers that it would have some clinica significance that
automated selection in 3D may outperform surgeon’s selection in 2D.

One of noticeable points in the experimental results is that the proposed methods (Statistical-DM
and Optimal-RP) showed smaller average error and standard deviation in the orientation error around
the z-axis, which corresponds to the anteversion angle of the femur, than Manual-DM (Table 3.1).
In Manual-DM, the anteversion angle of the femur was directly measured and used in the planning.
As described in 3.2.1, the anteversion angle is one of the important criteria to determine the stem
orientation so as to recover the original anatomy. Although the proposed methods do not directly
incorporate the constraint of the anteversion angle, they showed better agreement with the surgeon’s
planning in this regard. These results show that the proposed methods attained better compromise
between recovery of the original anatomy (anteversion angle) and bone-implant fixation in a similar

way as the surgeon considers.
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Another point the author should note is that the proposed methods were designed so as to just
mimic the surgeon’s stem planning. No biomechanical and physiological aspects were considered in
them. The author is currently trying to justify the surgeon’s plan by using biomechanical simulations

[58].

3.4.2 Utilization asatool for computational modeling of planning criteria

The basic function of the proposed methods is to model the surgeon’s expertise used to prepare the
past planning datasets and mimic the surgeon’s planning. Their characteristics and performance de-
pend on the training datasets. Different statistical atlases are constructed from different datasets. In
this study, the past datasets of planning were not prepared by a single surgeon. However, the surgeons
who prepared the plans belonged to the same team and the datasets could be regarded as consistent in
the criteriafor the planning. Different statistical atlases will be constructed by using planning datasets
prepared at adifferent clinical site. Therefore, the author considers that the proposed methods can be
potentially used as a tool for modeling the planning criteria. Different stem plans are obtained using
the different atlases for unknown patient CT datasets and can be compared to analyze the difference

in the criteria among clinical sites.

3.4.3 Comparison between Statistical-DM and Optimal-RP

One of main differences between the two proposed methods, Statistical-DM and Optimal-RP, is re-
quirement of segmentation of the femoral canal. The segmentation of the outer surface of the femur
is needed for the both methods to obtain the anatomical features used for rough alignment of the stem
(described in 3.2.4). Additional canal segmentation is required only for Statistical-DM. Generally
speaking, segmentation is known as an error-prone process. By using a straightforward extension of
a segmentation method using a statistical shape model described in [53], the canal segmentation was
automatically performed without any additional manual initialization and post-editing for all the 40
cases used in the experiments. Therefore, the requirement of the femoral canal segmentation is not a
considerable problem.

Regarding performance, Statistical-DM reproduces the surgeon’s plans slightly better than Optimal-
RP, but no statistical significance was observed. However, the performance of Optimal-RP may be

potentially improved. Currently, only one reference plan is used for Optimal-RP. However, the per-
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formance of Optimal-RP may be improved by using multiple reference plans. To do so, future work
is necessary to develop procedures for selecting multiple optimal reference plansin atlas construction
and selecting the best-registered reference to the patient CT datain atlas utilization.

Regarding computational cost, Optimal-RP is more expensive because it needs scaled volume reg-
istration while Statistical-DM only requires computation on the stem surface. However, GPU-based

acceleration may be applied to dramatically reduce the computational cost.

3.4.4 Possibleimprovementsfor atlasconstruction

The methods used for atlas construction in this paper will be potentialy replaced by more elaborate
methods. In Statistical-DM, nonrigid registration for the stem was performed by registering one se-
lected reference to others, which is known to introduce undesirable bias. This conventional method
can bereplaced by well-devel oped methods such as group-wise registration [59] and spherical demons
[60] for unbiased atlas construction. Further, PCA can be applied to the distance maps of the training
datasets in addition to the average and point-wise standard deviation so as to represent the variability
of the distance map. In Optimal-RP, an average atlas (consisting of the average CT image and stem
plan) such as a Frechet mean [61] may be computed and used as reference instead of selecting the
case which minimizes the deviations from the distance map of surgeon’s plan. In addition, the opti-
mal reference does not necessarily need to be single although the author used only one reference. The
multiple highest-ranked references may be selected and used in a similar way to the multi-atlas ap-
proaches combined with appropriate decision fusion methods [62, 63, 64]. In Statistical-DM as well,
multi-atlas approaches can be considered. The training datasets are clustered into multiple groups
based on similarity of the distance map [65] and the average distance map is obtained for each group.
Ancther way of clustering the training datasets would be based on the use of the stem size in the
surgeon’s plan (with allowing overlap), which is applicable to both Statistical-DM and Optimal-RP.

Future work will include the above described potential improvements of atlas construction.

3.4.5 Application to other stem designs and implants of other bones

In this paper, only one stem design was used. However, various stem designs are available from
different manufacturers. In principle, if 3D surface models of a new stem design are available and a

sufficient number of planning datasets are prepared using the new stem by an experienced surgeon, the
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proposed statistical atlases can be constructed and utilized for automated planning. The stem designs
are mainly classified into two categories, anatomical and straight stems. The stem design which the
author used in this paper, CentPillar system (Stryker Orthopaedics), is an anatomical stem, which has
amore complex shape so asto fit to the femoral canal shape than a straight stem which has a simpler
straight shape. The proposed methods will be still effective for other anatomical stem designs but may
be unpredictable for a straight stem. As a preliminary experiment, however, the author has applied
Statistical-DM to a straight stem and confirmed to obtain similar performance to an anatomical stem
[66].

One limitation of the proposed methods is an implicit assumption that different sizes of the stem
shapes are quasi-homothetic. Ideally, the proposed statistical distance map should be constructed
individually for each size of the stem. However, the author could not prepare a sufficient number of
training datasets for each size. Therefore, nonrigid registration among different sizes of the stem was
used to average the distance maps across sizes. A large deviation from homotheticity may result in
elimination of significant contact patterns. In Optimal-RP, isotropic scaling is explicitly used. Itis
essential that different sizes of the stem can be approximated by homothetic transform. Aslong as
the author knows, however, not afew stem designs have quasi-homothetic shapes across sizes.

Another problem in application of the proposed methods to other stem designs is that a sufficient
number of datasets of the stem plan are needed to be prepared. Future work will include the devel-
opment of methods of atlas construction from a small number of the datasets. To do so, the author is
planning to develop a procedure for selecting a small number of representative patient CT datasets to
be planned. Actually, in case of Optimal-RP, the patient CT dataset selected as the optimal reference
by the proposed method will be a good candidate of the representative dataset. Also in Statistical-
DM, Fig. 3.13(a) showsthat the errors became considerably small when around 10 randomly-sel ected
training datasets were used. Better performance would be expected by appropriately selecting the rep-
resentative datasets instead of randomly selected datasets.

The proposed methods are potentialy applicable to implants of other bones. The formulation
described in Equations (3.1) and (3.4) are generaly applicable to various types of implants. The
author has aready applied this formulation to the acetabular cup implant of the pelvic side in THA

and obtained promising initial results [51].

46



3.5 Conclusion

The author has described atlas-based approaches to automated femoral stem planning in THA. Two
atlas representations generated from a number of past planning datasets were proposed to model
the surgeon’s expertise of the stem planning. Oneisthe statistical distance map, which represents the
distribution of average and standard deviation of the distances between the stem and the femoral canal
surfaces. The other is the optimal reference plan atlas, which is selected as the most representative
plan and expected to realized the most similar distance map to the surgeon’s. Experimental results
show that the proposed atlases were quite effective to reproduce the experienced surgeon’s plan.
Future work will include extensions of the proposed methods to other stem designs and other
implants. The development of methods is also necessary for atlas construction of anew implant using
asmall number of representative planning datasets without using alarge number of them. Finally, the

author is now preparing to start a prospective study for clinical evaluations.
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Figure 3.7: Size error of the femoral stem between automated planning results and surgeon’s plans.
(a) Histogram of size error. The average error was 0.5 in Statistical-DM (proposed), 0.6 in Optimal-
RP (proposed), 0.8 in Manual-DM (previous), and 0.9 in Random-RP (previous). (b) Joint frequency

distributions and ICC (inter-class correlation) values of automated planning results and surgeon’s

plans.

Manual-DM (ICC = 0.76)

(b)
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(a) Positional error.

Figure 3.8: Boxplots of positional errors and results of paired ¢-test. In each box, sample minimum,
lower quartile (Q1), median (Q2), upper quartile (Q3), and sample maximum are indicated. Sample
minimum and sample maximum are minimum and maximum val ues after rejection of outliers. Values
larger than (Q3 — Q1) x 1.5 4+ @3 or smaller than Q1 — (@3 — Q1) x 1.5 are regarded as outliers.
Average error was 3.6 mm in Statistical-DM, 4.0 mmin Optimal-RP, 5.5 mm in Manual-DM, and 5.9

mm in Random-RP.
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(a) Orientation error.

Figure 3.9: Boxplots of orientation errors and results of paired ¢-test. In each box, sample minimum,
lower quartile (Q1), median (Q2), upper quartile (Q3), and sample maximum are indicated. Sample
minimum and sample maximum are minimum and maximum val ues after rejection of outliers. Values
larger than (Q3 — Q1) x 1.5 4+ @3 or smaller than Q1 — (@3 — Q1) x 1.5 are regarded as outliers.
Orientation error. Average error was 3.5 deg. in Statistical-DM, 3.9 deg. in Optimal-RP, 4.7 deg. in

Manual-DM, and 6.3 deg. in Random-RP.
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Figure 3.10: Illustrative examples of planning results (Case 1).

Size error

Positional error N/A 2.8 mm 2.8 mm 4.8 mm 2.8 mm
Orientation error N/A 4.3 deg. 4.2 deg. 2.9 deg. 4.2 deg.

Surgeon’s Statistical-DM Optimal-RP Manual-DM Random-RP
plan
Proposed methods Previous methods
= - .
(Penetration) -3 0 3 [mm] (Gap)

Figure 3.11: Illustrative examples of planning results (Case 2).
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Size error 0 0 1 0
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Figure 3.12: Illustrative examples of planning results (Case 3).
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Figure 3.13: Effects of number of training datasets, n, on errors of automated planning. Left: Size

error. Middle: Positional error. Right: Orientation error. (a) Statistical-DM. (b) Optimal-RP.
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Chapter 4

Atlas-based approach and validation for

automated pelvic implant (cup) planning



Abstract

Intraoperative robotic and computer-guided assistances are now commonly used in total hip arthro-
plasty (THA) for accurate execution of the preoperative plan. Although the preoperative plan to be
accurately executed is critical, it is ill interactively prepared in a time-consuming and subjective
manner. In this paper, atlas-based approach to automated surgical planning of the acetabular cup in
THA is described to stabilize its quality as well as reduce its time-consuming nature. Surgeon’s ex-
pertise is embedded in two types of statistical atlases, which are constructed from training datasets
of CT-based 3D plans prepared by experienced surgeons. One is a statistical shape model which en-
codes global spatial relationships between the patient anatomy and implant. The other isthe statistical
map of residual bone thickness on the implant surface, which encodes local spatial constraints of the
anatomy and implant. Given the 3D pelvis shape of the patient, the author formulates a procedure to
determine the best size and position of the acetabular cup which satisfy the constraints derived from
the two statistical atlases. The author validated the proposed planning method by retrospective study

using the datasets which were actually used in the THA surgery.
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4.1 Introduction

Surgica CAD/CAM is one of common frameworks for computer assisted surgery [1], especialy, in
orthopedic application. The CAM systems, that involve intrapperative robotic and computer-guided
assistance, ensure accurate execution of preoperative plans constructed using the CAD systems. In
its ultimate form, the surgery can be regarded as virtually completed once preoperative planning is
completed. Therefore, the quality of preoperative planning is becoming more critical than ever in this
framework [6][13]. Our aim is to automate preoperative planning for total hip arthroplasty (THA) in
order to stabilize its quality as well as reduce its time-consuming nature.

Nowadays, navigated THA is routinely used in many hospitals. Especialy, for patients with os-
teoarthritis of the hip caused by congenital hip dysplasia, CT-based 3D preoperative planning is effec-
tive due to large deformation of the hip joint. A large number of the 3D preoperative plans prepared
by well-experienced surgeons have been accumulated in some of the hospitals. The feedback of these
past planning datasets can be utilized for the future planning. Closed-loop surgery to make the best
use of past surgical data for future surgery is a recently emerged framework [23]. Atlas-based ap-
proach iswell-fit to this framework and has been applied to the femoral stem planning [22][50]. One
of the ssimplest forms of such approach is to use one standard 3D plan constructed on CT data as
atemplate [22]. The spatia relations between host bone (femur) and implant (femoral stem) in the
template are mapped to each patient by scaled rigid registration between the patient and template.
However, the template based on only one dataset is insufficient to deal with inter-patient shape vari-
ations. More recently, the statistical map of bone-implant distance on implant surface was generated
from alarge number of 3D plans to automate femoral stem planning [50].

In this paper, the author develops an atlas-based approach to automated acetabular cup planning.
Unlike femora stem planning, the expertise of cup planning involves more global relations between
implant and patient anatomy. Therefore, the author represents statistically-derived constraints of
bone-implant relations not only as the form of a statistical map on implant surface but also as a
statistical shape model [67] to describe global relations. The author formulates a method for hybrid
use of the two statistical atlases to automate cup planning, and evaluate it using planning datasets
actually used in navigated THA in comparison with a previous automated cup planning method [68]

based on user-specified constraints.
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4.2 Methods

421 Overview

Figure 4.1 shows typical cup planning examples. The position and size of the acetabular cup should
be basically determined so as to recover the original anatomy of the acetabulum. Although it is not
so difficult to predict the original anatomy for a mildly diseased case (Fig. 4.1(a)), it is somewhat
difficult for aseverely diseased case due to its large deformation and shift (Fig. 4.1(b)). In both cases,
cup size and position should be carefully refined so that residual bone thickness is sufficient on the
implant cup surface and no penetration occurs.

Two types of statistical atlases are constructed from a sufficient nhumber of cup plans on CT
data prepared by experienced surgeons. One is a combined pelvis and cup statistical shape model
(PC-SSM) to roughly predict the cup shape recovering the original anatomy based on global pelvic
anatomy [69]. The other isthe statistical map of (residual) bone thickness (SM-BT) on the cup surface
for subsequent refinement of the cup size and position so as to ensure sufficient residual bone thick-
ness for the host bone which was originally devel oped to describe the statistical map of bone-implant
distance for femoral stem planning [50].

In the proposed automated cup planning, given the pelvis surface model segmented from CT data,
the cup position and size are estimated. The cup is modeled as a hemisphere and its diameter and cen-
ter are regarded asthe cup size and position, respectively. Thefinal cup size isdetermined by selecting
the size closest to the estimated diameter among available discrete cup sizes. Because a medical doc-
tor in the research group includes the author determines cup orientation based on femoralanteversion,

the author does not address its determination in this paper where only the pelvisis considered.

4.2.2 Construction of planning atlases

The author assumesthat N training datasets of cup planning are given. Let 2 and C; be the 3D shape
models of the pelvis and the cup model planned on B, respectively, wherei: = 1, ---, N. Inter-patient
nonrigid registration of P, and C; is performed using a point based method. Let p; and ¢; be the sets
of vertex’s position of P, and C;, respectively. Then, the author concatenates p; and c; to obtain the

combined pelvis and cup pointset ¢;. The combined pelvis and cup statistical shape model (PC-SSM)
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is obtained by performing principal component analysis of . PC-SSM q is defined as

Lol

qb)=qg+®b, q= , 4.1

el

where q, ¢, and b are the mean shape vector, the eigenvector matrix, and the shape parameter vector,
respectively. q consists of the mean shape vectors of the pelvis and the cup, p and ¢, respectively.
The statistical map of bone thickness (SM-BT) is defined as the distributions of the mean and
standard deviation of the residual bone thickness on the cup surface. The residual bone thickness
is defined as the remaining thickness of bone tissue when the bone is removed for cup placement.
The residual bone thickness is calculated on each cup vertex along each normal direction. If the
bone thickness is equal to or smaller than zero, it means that penetration of the cup through the bone
occurs. Since the cup surface is not fully covered with the pelvic bone, the target area of SM-BT is
defined as the area which are covered with the pelvic bone in 95% cases of the training datasets. Let
v;; be the j-th vertex's position of the cup surface of the i-th training dataset. Let d(v;;, ;) be the
bone thickness at v;;. If the point v;; is not covered with the pelvic bone £, the bone thickness is
not calculated. The distributions of the mean and standard deviation of the bone thickness on the cup

surface, U and S, are obtained by the method described in [3] and defined as

1 N
U= {ujlp; = N > d(vij, B), vij € Ci}, (4.2)
=1

N
S = {U]|0] = \J %Z (d(VZJ>PZ) - //Ji)Qa Vij € Cl}a (43)

=1
where pi; and o; represent the mean and standard deviation of the bone thickness at the point v;,

respectively.

4.2.3 Optimization procedure

Two-step optimization is performed for automated cup planning. Let B, be the patient's 3D pelvis
surface model on which the cup is placed. The cup position t and size s are initially determined by
fitting the pelvis part of PC-SSM to P,, and then they are refined by using SM-BT. When specific
parameter b is given to PC-SSM q(b) in Eq. (4.1), the pelvis shape p(b) and the cup shape c(b)
aregiven by p + ®,b and ¢ + ®.b, respectively, where ¢, and ¢ are the submatrices of & which

correspond to pelvis and cup vertices, respectively. Let the number of vertices of p(b) and c(b) be
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n and m, respectively. The fitting process of PC-SSM is performed by obtaining b which minimizes

the cost function Cp defined as
Cp(b;p(b), Pa) = > d(w;(b), P.)?, (4.4)
j=1

where w;(b) and d(w;(b), P,) are the j-th vertex’s position of p(b) and the shortest distance from
w;(b) to P,, respectively. Let b, be the shape parameter vector minimizing Eq. (4.4). The author
uses Levenberg-Marquardt method for the minimization. Then, initial cup position t, and size s, are
determined by fitting a parametric hemisphere model to c(b,). Let ¢/(t, s) be the sets of vertex’'s
position of the parametric hemisphere model which positionist and sizeis s.

In the subsequent refinement using SM-BT, the author minimizes the cost function f(t, s) defined

as

f(t,8) = Ai(s — 54)% + Aa(t — tq) s), Py) — i), (4.5)

3 5

mw|’_'

Ay
m
where v/ (t, s) isthe j-th vertex’s position of ¢(t, s). Thefirst and second terms ensure that the size
and position estimated using PC-SSM should not be far from the initial size and position. The third
term ensures that the distribution of the bone thickness on the ongoing cup becomes close to SM-BT.
A1, Ao, and A3 are the weight parameters balancing the three terms. For the hybrid use of the two
atlases, Ay = 1.0, Ay = 1.0, A3 = 10.0 were used while Ay = 1.0, Ay = 1.0, A3 = 0.0 or A; = 0.0,

Ao = 0.0, A3 = 1.0 were used when either atlas was utilized.

4.3 Experimental Results

4.3.1 Experimental conditions

The author compared the proposed method with the previous method described in [68], which is the
only one existing method for automated cup planning in 3D to the author’s knowledge. In order to
investigate effects of the atlases, the author tested the method under three conditions, that is, only PC-
SSM, only SM-BT, and the hybrid use of PC-SSM and SM-BT. CT dlice thickness and reconstruction
pitch were 2 mm. Field of view was 360 mm. The pelvis surface was segmented with the atlas-
based automated segmentation method described in [70]. The available cup size variation was 11

sizes from 40 mm to 60 mm. The 3D surface models of pelvis and cups consisted of 3,000 and 353
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vertices, respectively. 28 patient datasets including 3D pelvis models and preoperative plans were
used for construction of atlases and evaluations. The preoperative plans used for atlas construction and
evaluation were made by the experienced surgeons using a commercially available planning system,
Stryker CT-Hip System (Stryker Leibinger GmbH, Freiburg, Germany), and applied to the actual
navigated THA surgery. The author used thefirst 10 principal componentsin PC-SSM fitting to avoid
over-fitting [69].

Evaluation was performed by leave-one-out cross validation. Evaluation measures were cup posi-
tion error, cup size error and the number of cases when the penetration occurred. Error was defined

as the difference between the surgeon’s and estimated results.

4.3.2 Results

The constructed PC-SSM and SM-BT are shown in Fig. 4.2 and Fig. 4.3, respectively. Fig. 4.2 shows
the mean and variations of PC-SSM. Fig. 4.3(a) shows the evaluation area for SM-BT construction.
Fig. 4.3(b) and (c) show the distribution of the mean and standard deviation of the bone thickness,
respectively. Table. 4.1 shows a summary of the evaluation results. It shows the number of cases
when the penetration of the cup occurred, mean positional error, and mean size error. With the
previous method, there was no cup penetration, but the mean positional error was the largest among
the four conditions, which was 4.3 mm. With the PC-SSM only, the size error was 1.5 mm, which
was smaller than the previous method. On the other hand, cup penetration occurred in four cases.
With the SM-BT only, the number of cases of penetration was reduced, but the size error was 2.4 mm
which was the largest among the four conditions. With the hybrid use of PC-SSM and SM-BT, both
positional and size errors were the smallest among the four conditions, which were 3.9 mm and 1.4
mm, respectively. Additionally, only one penetration occurred.

Figure 4.4 shows the planning results of atypical case. With the PC-SSM only, the cup size was
same as the surgeon’s selection, but there was cup penetration. With the SM-BT only, positional error
was the smallest, but larger size was selected. Additionally, there was penetration. On the other hand,
with the hybrid use of PC-SSM and SM-BT, the positional and size error was smaller than that of

PC-SSM only. Further, there was no penetration.
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(b) Severely diseased case.

Figure 4.1: Cup planning for mildly and severely diseased pelvises. Cup planning was performed by

an experienced surgeon. Left column: Pelvis model. Right column: Cup planning on pelvis model.
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-30 Mean shape +30

Figure 4.2: Shape variations of combined pelvis and cup statistical shape model (PC-SSM). The first

mode is shown.

Figure 4.3: Statistical map of residual bone thickness (SM-BT). (a) Blue area indicates the cup cov-
erage over 95 % of datasets. (b) Distribution of mean bone thickness. (c) Distribution of standard

deviation of bone thickness. Color bars at bottom of each figure represent the residual bone thickness.
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(Thin) Omm 5.0 mm 10.0 mm (Thick)

Penetration No No Yes Yes No

Positional error N/A 2.7 mm 3.5mm 2.5 mm 2.9 mm

Size error N/A 2 mm 0 mm 2 mm 0 mm
(a) (b) () (d) (e)

Figure 4.4: llustrative case of experimental results. (a) Surgeon’s plan. (b) Previous method. (c) PC-
SSM only. (d) SM-BT only. (e) Hybrid use of PC-SSM and SM-BT. Values bel ow each figure indicate
penetration occurred or not (top), positional error [mm] (middle), and size error [mm] (bottom),
respectively. Arrows indicate the areas where penetration occurred. Colors on cup surface indicate

bone thickness distribution.
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Table 4.1: Evaluation results of automated planning.

Previous | PC-SSM | SM-BT | Hybrid use of
only only PC-SSM and SM-BT
Number of cup penetration 0 4 1 1
Mean positional error [mm] 4.3 4.2 4.0 3.9
Mean size error [mm] 2.1 15 24 14

4.4 Discussion and Conclusion

The author proposed amethod for hybrid use of the two atlases to automate 3D planning for acetabul ar
cup placement in THA. One is a combined pelvis and cup statistical shape model (PC-SSM) which
encodes global spatial relationships between the patient anatomy and implant. The other isa statistical
map of residual bone thickness (SM-BT) which encodes local spatia constraints of the anatomy and
implant. The proposed method could provide a framework for learning and modeling the planning
policy of the surgeon because the two atlases are constructed from training datasets of experienced
surgeons. It involves few manual parameter tuning while the previous method has many parameters.
According to the experimental results, mean errors in size and position were better for the hybrid
use of PC-SSM and SM-BT than the previous method (Table. 4.1). It would be arguable that this
improvements is clinically significant or not. Currently, the author has already had some preliminary
results to evaluate clinical significance, that is, comparison with inter-surgeon difference. The mean
inter-surgeon difference for eight cases was 1.3 mm in size while the mean differences from a surgeon
of the proposed and the previous methods were 1.5 mm and 2.0 mm, respectively. These results may
show some implication on clinical significance. The author will evaluate the statistical significance
of these results as future work.

In the previous method, there was no penetration since it explicitly prohibited the penetration.
However, cup penetration occurred in four cases when only PC-SSM was used. The author considers
thisis because the variation of PC-SSM described by the training datasets is insufficient for fitting of

severely diseased cases. On the other hand, with the hybrid use of PC-SSM and SM-BT, the number
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of cases of penetration was reduced. The author considers that this is because the cup size and
position were determined so as to minimize the difference between the resulting bone thickness and
SM-BT which had no penetration. However, the current atlas could not prohibit all of the penetrations
completely. The constraint which explicitly prohibits penetrations could be introduced to overcome
the problem.

In principle, given a sufficient number of planning datasets that a surgeon planned, the method is
applicable to various implants for different bones. As future work, the author is planning to apply the

method to the femoral stem.
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Chapter 5

Applying atlas-based automated cup

planning to standard 2D X-ray image
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Abstract

In total hip arthroplasty (THA), intraoperative assistance systems such as computer navigation and
surgical robotics have been developed. To input an appropriate preoperative plan to these systems, a
3D-CT based automated preoperative planning method has been proposed. However, the usefulness
of this method is limited because preoperative acquisition of 3D-CT imagesis not available for THA
in most hospitals. The aim of this study is to perform 3D automated planning from single standard
X-ray radiograph. In this study, the author targets an acetabular component (cup). To achieve the
objective, the author integrates a statistical reconstruction method of 3D pelvis shape from a standard
X-ray radiograph and a 3D-CT based automated preoperative planning method which have been
previously proposed. As evaluation, the author applied the method to six mildly diseased pelvises.
Compared to the pelvis shape reconstructed from 3D-CT images, the average reconstruction error was
1.8 mm. Compared to the experienced surgeons' plans, the size and positional errors of cup planning
were 1.2 +0.80 4.44+0.7 mm for standard X-ray radiograph, respectively, and 0.5+0.57 3.64+1.8 mm

for 3D-CT images, respectively. Because the accuracies of the cup size and position were about
same, the proposed method would be useful. However, the errors of 3D pelvis reconstruction from
a standard X-ray radiograph caused large cup size errors in some cases. To improve the method,
the proposal of an improved method which acquires two X-ray radiographs from different direction

would be useful.
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5.1 Introduction

In total hip arthroplasty (THA), intraoperative assistance systems such as computer navigation and
surgical robotics have been developed. These systems require 3D CT images and 3D preoperative
plan. To construct appropriate 3D preoperative plans, usefulness of computer-assisted interactive
preoperative planning systems have been confirmed [14]. More recently, an automated preoperative
planning method has been proposed [51]. However, preoperative acquisition of 3D CT images is
not available for THA in most hospitals. Therefore, usefulness of 3D preoperative planning and
intraoperative assistance is limited.

Theaim of this study isto perform 3D automated planning from single standard X-ray radiograph.
In this study, the author targets an acetabular component (cup). Although one 2D semi-automated
method exists from an X-ray radiograph for femoral component (stem) [71], there are no methods
which determine 3D cup plan to the author’s best knowledge. In this study, the author utilizes a
reconstruction method of 3D pelvis surface proposed by Zheng et al. [72]. The author validates the

proposed method by comparing errors of shape reconstruction and cup planning.

5.2 Methods

Figure 5.1 shows schematic diagram of the present approach. Given the standard X-ray radiograph of
the patient and the training datasets, the 3D anatomy of the patient’s pelvisis extracted using an atlas-
based 2D-3D reconstruction. The 3D anatomy consists of 3D shape model, anatomical landmarks,
and coordinate system. The training datasets in this process are 3D pelvis surface models segmented
from 3D-CT images. After 2D-3D reconstruction, given the 3D anatomy, training datasets, and the
implant database, an atlas-based automated planning is performed. The training datasets in this pro-
cess are merger of 3D pelvis surface model and cup planning result prepared by experienced surgeons.
After automated planning, the proper size, position and angle are determined.

34 cases were used as training datasets and six cases were used for evaluation. The evaluation
datawas excluded from training datasets. In all evaluation cases, the Crowe's classification [ 73] was
class |. Each dataset consisted of a standard X-ray radiograph and 3D CT images of the hip and a
preoperative plan. Source-image distance of the X-ray radiograph was 1,200 mm and pixel size was

0.1 x 0.1 mm?. Voxel size of 3D CT images was 0.7 x 0.7 x 2.0 mm® and field of view was 360
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x 360 mm?. The preoperative plan was constructed by experienced surgeons using a commercially
available planning system, Stryker CT-Hip System (Stryker Leibinger GmbH, Freiburg, Germany),
and executed in the actual navigated THA surgery at Osaka University Hospital.

Figure 5.2 shows overview the 2D-3D reconstruction of pelvis and the automated planning used in

the proposed method. The procedure of the proposed method was as follows:

1. Given the standard X-ray radiograph of the patient’s hip, vertices of pelvis's boundaries were

estimated.

2. Using estimated boundaries, the 3D pelvis shape modd was constructed by fitting the statistical
shape model (SSM) of pelvis.

3. Using the pelvis surface model, cup size and position were determined.

In this procedure, step one and two were correspond to Zheng's method [72] and step three was
correspond to Otomaru’s method [51]. Because the cup orientation was determined based on the
femoral anteversion angle in surgeons' planning, the author did not evaluate it.

In the original reconstruction method [72], a scaling parameter of pelvis shape is estimated using
a calibration marker. To prevent the effect of scaling parameter estimation on cup planning result,
the author assumed that the scaling parameter was known in this study. For evaluation, the author
prepared reference data of 3D pelvis shape and cup plan. Thereference 3D pelvis shape was extracted
from 3D CT images using an automated segmentation proposed by Yokota et al. [53]. The reference

cup plan was abtained using Otomaru’'s method [51] from the reference 3D pelvis shape.

5.3 Reaults

Table 5.1 shows the reconstruction error of the pelvis shape and the errors of cup planning. The
reconstruction error of the pelvis shape is defined as average and standard deviation of distances
between each vertices of the reconstructed pelvis shape and the reference pelvis shape. Minimum
average reconstruction error was 1.5 mm and maximum reconstruction error was 2.2 mm. Size and
positional errors of cup planning were defined as the difference between automated planning result
and the surgeons’ plan. Average and standard deviation of cup size were 1.2 4+ 0.5 for standard X-ray

radiograph and 0.5 + 0.5 for 3D-CT images, respectively. Average and standard deviation of cup size
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Figure 5.1: Schematic diagram of present approach.

Standard X-ray Extracted boundaries Fitting result of Automated planning
image of patient on standard X-ray images 3D pelvis SSM result

Figure 5.2: Overview of 2D-3D reconstruction of pelvis and automated cup planning.
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Table 5.1: Reconstruction error and error of cup planning result of each case.

Reconstruction error [mm]  Selected Size Positional error [mm)]
Average SD Standard X-ray 3D-CT Standard X-ray 3D-CT
radiograph images radiograph images
Casel 18 14 2.0 1.0 45 3.0
Case 2 22 17 10 0.0 3.8 22
Case 3 16 13 10 1.0 3.6 17
Case4 18 15 0.0 1.0 51 6.3
Case 5 1.7 13 2.0 0.0 4.4 5.2
Case 6 15 12 10 0.0 52 35
Average 1.2 0.5 4.4 3.6
SD 0.8 0.5 0.7 18

were 4.4 + 0.7 mm for standard X-ray radiograph and 3.6 + 1.8 mm for 3D-CT images, respectively.
Considering the standard deviation of each result, the errors of the X-ray radiograph and the errors of
the 3D CT images were about same.

Figure 5.3 shows the results whaose cup size error for standard X-ray radiograph was same as that
of 3D-CT images. With regards to the reconstruction accuracy of the acetabulum region from the
standard X-ray radiograph, the reconstruction results were appropriate (fig. 5.3(c)). With regards
to the cup planning results, both standard X-ray radiograph and 3D-CT images were about same as
surgeons' plans (fig. 5.3(d)). Fig. 5.4 shows the results whose cup size error for standard X-ray
radiograph was larger than that of 3D-CT images. With regards to the reconstruction accuracy of
the acetabulum region from the standard X-ray radiograph, the shape errors were large in the regions
which arrows indicate in fig. 5.4(c). With regards to the cup planning results, although both standard
X-ray radiograph and 3D-CT images positioned cup in same position as the surgeon’s plan, the cup

size error for standard X-ray radiograph was large (fig. 5.4(d)).
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Figure 5.3: Result of 2D-3D reconstruction and automated cup planning of case 3. (@) and (b) show
reconstruction errors on 3D pelvis surface. Error values are indicated by color bar. (c) show results of
3D pelvis reconstruction around acetabulum region. White line indicates boundaries of reconstructed

surface. (d) shows results of cup planning of each method.
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Figure 5.4: Result of 2D-3D reconstruction and automated cup planning of case 5. (@) and (b) show
reconstruction errors on 3D pelvis surface. Error values are indicated by color bar. (c) show results of
3D pelvis reconstruction around acetabulum region. White line indicates boundaries of reconstructed

surface. (d) shows results of cup planning of each method.
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5.4 Discussionsand Conclusion

In this study, the author performed an automated 3D cup planning for standard X-ray radiograph using
3D pelvis reconstruction proposed by Zheng et al. [72] and the automated 3D planning proposed by
Otomaru et al. [51]. According to the results, the cup size error and positional error were about same
as the plans determined using 3D CT images. Therefore, the author considers the proposed method
would be useful. Pelvis shape reconstruction was good for the whole pelvis shape. On the other hand,
there were shape errors along anterior-posterior direction in acetabular regions in some cases. The
author considers that thisis the reason of the error of the cup size and position. To solve this problem,
the proposal of an improved method which acquires two X-ray radiographs from different direction
would be useful.

Current limitations of this study are as follows:
1. The author only targeted mildly diseased cases whose Crowe's classification was class |.
2. Theauthor assumed that the scaling parameter in the pelvis shape reconstruction was known.

The author considers the effect of scale estimation on cup planning would be important. According
to the author’s preliminary experiment, cup size did not change when scaling parameter changed 5 %
larger and smaller from the correct value. As future work, the author will apply the proposed method
to severely deformed cases whose Crowe's classification will be more than 1. Additionally, the author
will firstly validate the proposed method when the scaling parameter will be misestimated. Then, the
author will use a calibration marker under the condition that the scaling parameter will be completely

unknown.
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Chapter 6

Atlas-based optimization of hip joint

function
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Abstract

In computer aided surgery (CAS), intraoperative assistance such as surgical navigation systems and
robotic systems have been developed. Because these systems ensure accurate execution of preoper-
ative plans, the quality of preoperative planning is becoming more critical than ever. Our am isto
automate preoperative planning for total hip arthroplasy (THA). In THA, a pathologically deformed
hip joint is replaced by an artificial hip joint. The artificial hip joint consists of pelvic implant (cup)
and femoral implant (stem). The preoperative planning for THA is defined as determinations of size
(one parameter), 3D position (three parameters), and 3D angle (three parameters) for cup and stem,
respectively. In previous work, the research group including the author proposed Statistical Implant
Plan Atlas (SIMPLA)-based automated pre-operative planning method for each implant (cup and
stem). The SIMPLA is constructed by performing a statistical analysis of a number of preoperative
plans prepared by experienced surgeons. In this paper, the author describes a method for finding an
optimal combination of the pelvic side planning and femoral side planning. As afirst step, the au-
thor extracts combined planning candidates which are fulfill the restrictions defined statistically with
surgeon’s plans. As a second step, the planning optimization is performed by maximization of scores
calculated by an evaluation function which adds up normalized parameter of criteria of hip joint
function. In clinical field, cup coverage ratio, leg length discrepancy (LLD), and range-of-motion
(ROM) are used for the evaluation of hip joint function. To evaluate the proposed method, the author
compared the scores and parameters of hip joint function criteria between the plans of the proposed
methods and surgeon’s. Asthe results of our methods showed better or similar scores and parameters

compared to surgeon’s plans, the proposed methods would be useful.
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6.1 Introduction

In computer aided surgery (CAS), intra-operative assistance such as surgical navigation systems and
robotic systems for implant replacement of pathologically deformed hip joint have been developed
[74, 13, 75]. Because these systems ensure accurate execution of pre-operative planning, the qual-
ity of pre-operative planning is becoming more critical than ever. For total hip arthroplasty (THA),
pelvic side implant (cup) and femoral side implant (stem) are used as alternative of native hip joint.
On computer assisted pre-operative planning systems, surgeons determined the size (one parameter)
and 3D positions (three parameters), and 3D angles (three parameters) for each implants with consid-
ering various evaluation criteria which indicates the implant compatibility and hip joint function. As
some of the criteria has trade-off relationships, finding the best-balanced solution often become time-
consuming tasks for surgeons. Therefore automatic optimization of 3D surgical planning is highly
desirable.

In the previous works of the research group including the author, automated preoperative planning
methods for pelvic implant (cup) and femoral implant (stem) based on surgeon’s expertise are re-
ported. These methods optimize the user-defined objective functions or search for a solution which
maximizes one of the compatibility criteria by exhaustive search [68, 40]. Even though planning
of cup and stem are optimized independently, it is difficult to perform the parameter tuning because
of existence of various types of bone deformations and the balances between the criteria. In order
to solve the problem, the author has started to propose the Statistical Implant Plan Atlas (SIMPLA)-
based automated pre-operative planning methods. The SIMPLA is constructed by performing astatis-
tical analysis of anumber of preoperative plans prepared by experienced surgeons. The author already
have developed SIMPLA for pelvic implant (cup) and femoral implant (stem) which are inserted into
host bone for implant fixation [51, 52].

In this paper, the author describes a method for finding an optimal combination of the pelvic side
planning and femoral side planning. As far as the author knows, there are no reports of automated
optimization methods of pre-operative planning of the combined implants except ours. The opti-
mization is performed by maximization of a score calculated by an evaluation function which adds
up normalized parameter of criteria of hip joint function. As SIMPLA for pelvic implant (cup) of-

ten generates so many planning candidates, it is needed to reduce the combined planning candidates
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with restrictions which are also statistically determined with surgeon’s plans. For criteria of implant
compatibility and hip joint function, cup coverage ratio, leg length discrepancy (LLD), and range-
of-motion (ROM) are used. As an optimal solution, the size, 3D position, 3D angle, and parameters
of criteria of cup and stem are recorded. To evaluate the proposed method, the author compared the
scores and parameters of hip joint function criteria between the plans of the proposed methods and

surgeon’s.

6.2 Methods

The author assume that candidates of pelvic side planning and femoral side planning which include
the size, 3D positions, 3D angles of each implant have aready been determined using the proposed
SIMPLA methods[51, 52]. The pelvis and femur segmentation was performed by a statistical-shape-
model (SSM) based automated method [53]. In addition, the coordinate systems of pelvis, femur, and
hip joint were assumed to be determined automatically by the bony landmarks of SSM [53].

Figure 6.1 shows the system overview of automated optimization of combined pre-operative plan-
ning for pelvic and femoral implants. Our method works in two phases. The first phase is the extrac-
tion stage of planning candidates with statistically determined restrictions, which reduces computa-
tional time, and the second phase is the optimization stage for determining the best-balanced solution
which maximize the evaluation function of combined pre-operative planning. The author describe
the evaluation items for optimization in section 2.1, the normalization method of evaluation criteria

in section 2.2, and the optimization algorithm in section 2.3.

6.2.1 Evaluation items

As evaluation items, cup coverage ratio (implant compatibility), leg length discrepancy (LLD), and
range-of-mation (ROM) (hip joint function) are used in both first phase and second phase. Addition-
aly, the similarity measure for cup-SIMPLA isalso used in first phase. Cup coverage ratio is defined
as aratio of bone-contact-area on pelvic side implant (cup) surface, which indicates implant compat-
ibility and stability. Leg length discrepancy (LLD) is defined as the difference of length of right and
left upper limbs which are aligned to the longitudinal axis. Range-of-mation (ROM) is defined as an

angle of movable range of hip joint for a specific movement (the author treats the internal movement
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at flexion 90 degrees). LLD and ROM indicate the hip joint function.

In order to import the tendency of the pre-operative plans prepared by experienced surgeons, the
author performs statistical analysis of the evaluation items of them based on normal distribution,
which determines the restrictions of each items. The evaluation items are classified into three types

for defining proper restrictions.
o Criterion considered to be better in higher value on normal distribution (Cup coverage ratio and
ROM).

e Criterion considered to be better in lower value on normal distribution.

e Criterion considered to be better in value on center of normal distribution (LLD).

The defined restrictions are used in the first phase (extraction stage of planning candidates).

6.2.2 Normalization of evaluation criteria

The author formulates a normalization procedure of each criterion in order to treat several evaluation
criteriaimpartialy in evaluation function of pre-operative planning. This normalization is based on
the Gaussian distribution approximation of criteria which are obtained in the cases of the training
datasets (prepared by surgeons). In the second phase of planning, the author uses the normalized

scores of evaluation criteriain evaluation function.

6.2.3 Optimization algorithm

In this section, the author describes the automated optimization algorithm of combined pre-operative

planning. The best-balanced solution is determined using the following steps.

1. Generate al candidates of combined pre-operative planning. All plans of pelvic side implants
(cup) and plans of femoral side implant (stem) are combined and constructed asvirtua artificial
hipjoint.

2. Extract candidates which fulfill the restrictions. In order to reduce the planning candidates,
the ones which fulfill the statistically determined restrictions, that are described in section 2.1,

are extracted (the first phase of optimization). If no candidate is extracted, the restrictions are

relaxed and step 2 is redone.

79



3. Find abest-balanced solution of evaluation criteria To evaluate each of the planning candidate,
the author defines the evaluation function in Eq.(1) with normalized scores of each criterion

described in section 2.2.
TS, =Y NS; (6.1)
t

where T'S; denotes total score (¢: numbers of criteria) and N .S denotes normalized score of

¢-th evaluation criterion.

The optimization is performed by maximization of the score calculated by the evaluation func-
tion (the second phase of optimization). In THA pre-operative planning, NS1:cup coverage ratio,
NS2:LLD, and NS3:ROM are used. The combined pre-operative planning which obtains a maximum

score is the final solution.

6.2.4 Workflow of proposed methods
The two proposed methods are denoted as follows:

1. AOCP-w/R: Automated Optimization of Combined pre-operative Planning With Restrictions

(which uses whole optimization steps (1 to 3), described in 2.3)

2. AOCP-w/oR: Automated Optimization of Combined pre-operative Planning WithOut Restric-

tions (which uses two optimization steps (1 and 3 (2 is skipped)), described in 2.3)

6.3 Resaults

The author used eight preoperative datasets of the dysplastic hip patients for experiments. Each
dataset consisted of 3D CT data and planning candidates data of pelvic side and femoral side. The
slice thickness and reconstruction pitch of CT data were 2.0 mm. The field of view was 360 mm x
360 mm and the matrix sizewas 512 x 512. To evaluate the methods, the author compared the scores
and parameters of the criteriain both AOCP-w/R and AOCP-w/oR, and calculate the pelvic implant
(cup) positiona differences between the automated methods and surgeon’s. The proposed methods
were implemented on Windows Server 2008, Intel Xenon dual core processor 3.0 GHz and 16 GB

main memory.
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Figure 6.1: Overview of automated optimization of pre-operative planning.

Theauthor obtained optimal resultsin all cases with both AOCP-w/R and AOCP-w/oR.Theaverage
scores and calculated parameters of cup coverage ratio, LLD, and ROM are shown in Fig. 6.2 and
Fig. 6.3. For cup coverage ratio and ROM, the scores and parameters of AOCP-w/oR were better
than those of AOCP-w/R. For ROM, AOCP-w/R was better than AOCP-w/oR. However, statistical
significance was not observed in al the pairs between AOCP-w/R and AOCP-w/oR. Fig. 6.4 shows
the average cup positional differences between surgeon’'s planning and AOCP-w/R or AOCP-w/0R.
Significance was not observed between two proposed methods. Figure 6.5, 6.6, 6.7, and 6.8 shows
the scores in each case.

The average computation time for one case was about 1.7 hours in AOCP-w/R, 22.5 hours in
AOCP-w/oR. The computation time in AOCP-w/R was greatly reduced when compared to AOCP-

w/oR.

6.4 Discussion

In most cases, the scores of cup coverage ratio and LLD were comparatively better than surgeon’s in

both AOCP-w/R and AOCP-w/0R, asshownin Fig. 6.6 and Fig. 6.7. Only in case No. 1, all criteriaof
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Figure 6.2: Comparison of average score of criteria between results of proposed methods and sur-
geon’s. (a) Score of cup coverage ratio. (b) Score of leg length discrepancy. (c) Score of range of

motion. (d) Total score.

the optimal solution of AOCP-w/R scored over 30 points. While the parameter of cup coverage ratio
of it was considerably lower than that of AOCP-w/oR method, the parameter of ROM of it secures
sufficient score (over 30 points). In case No. 7, the score of cup coverage ratio was amost zero in the
results of both AOCP-w/R and AOCP-w/oR and the cup positional differences from surgeon’'s were
over 10 mm. This case was thought to be a statistically irregular case which had severe deformation
of host bone for optimizing positions of implants with the statistical approach.

The results of the experiments showed that AOCP-w/0R is better than AOCP-w/R in the aspect
of the efficiency, as the optimal solution of AOCP-w/oR scored significantly better in cup coverage

ratio and LLD, and similar in ROM to the one of AOCP-w/R. However AOCP-w/oR required the
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Figure 6.3: Comparison of average parameters of criteria between results of proposed methods and

surgeon’s. (a) Cup coverage ratio. (b) Leg length discrepancy. (c) Range of motion.

measurement of LLD and ROM, which cause long computation time, in over one thousand or hundred
thousand planning candidates and the total computation time often became over 24 hours. In contrast,
AOCP-w/R was able to obtain the optimal solution within several hours because of fewer planning
candidates which were extracted with the restrictions. Therefore, the author considers AOCP-w/R is

suitable for practical uses.

6.5 Conclusions

The author has described an automated optimization method for combining pelvic side planning
and femoral side planning with evaluation function which adds up the normalized parameters of
implant compatibility and hip joint function by the Gaussian distribution approximation of criteria.
The method was evaluated by comparison with results of an automated planning with restrictions
(AOCP-w/R) and an automated planning without restrictions (AOCP-w/0oR), and an experienced sur-
geon planning results. Even as preliminary results showed promising data, the author will validate

the methods with in many cases.
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Figure 6.7: Comparison of score of leg length discrepancy in each case.

85

O AocP-w/oR
@ AOCP-w/R

[l Surgeon’s




Score of ROM

100
90
80
70
60
50
40
30
20
10

O AOCP-w/oR
@ AOCP-w/R
[ Surgeon’s
]
T T T T T T
CaseNo.1 CaseNo.2 CaseNo.3 CaseNo.4 CaseNo.5 CaseNo.6 CaseNo.7 CaseNo.8

Figure 6.8: Comparison of score of range of motion in each case.

86



Chapter 7

Conclusion
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This study proposes an atlas-based automated 3D surgical planning for total hip arthroplasty
(THA). The stetistical atlases are constructed from a number of past planning datasets prepared by an
experienced surgeon. Since artificial implants of THA consist of femoral implant (stem) and pelvic
implant (cup), the automated planning methods for stem and cup are developed independently. Each
planning results are obtained by optimizing parameters of the statistical atlases so asto fit the statis-
tical atlases to the patient’s femoral surface and pelvis surface. In advance of a development of the
atlas-based method, an automated stem planning method based on an user-defined objective function
are developed in chapter 2. In this method, the objective function is defined based on interviews of
an experienced surgeon. The atlas-based automated stem planning method is then devel oped in chap-
ter 3. In chapter 4, the atlas-based automated cup planning method is developed. In chapter 5, the
usability of the automated cup planning method developed in chapter 4 is expanded. The method in
chapter 4 only allows 3D-CT images as input. On the other hand, an automated 3D cup planning us-
ing standard 2D X-ray image asinput is performed in chapter 5. In chapter 6, an preliminary work for
optimization of hip joint functions such as leg length discrepancy and range of motion is introduced.

The achievement of this study is to formulate an atlas-based automated planning as optimization
problem. Previous methods proposed in[21] and chapter 2 are based on manually-defined algorithms.
These methods consist of several constraints or objective functions and need to be tuned parameter
with trial-and-error process. In addition to this problem, these method cannot represent implicit
knowledge of surgeons. On the other hand, in the proposed study, explicit and implicit knowledge is
modeled all together using the statistical atlases. For these reasons, the proposed study is considered
to show one possible direction of quantification of surgeon’s expertise in preoperative planning.

Another achievement point is the 2D X-ray image-based automated planning method as shown
in chapter 5. Because acquisition of 3D-CT images for THA is not so common in other countries
athough which is popular in Japan, the usability of the proposed study is limited. In the study as
shown in chapter 5, 2D X-ray-based automated cup planning is achieved by utilizing a 2D-3D pelvis
reconstruction method [72]. This result is considered to show the possibility that the automated
planning can used in not only hospitals in Japan which have 3D-CT but also hospitals in various
countries.

One remaining problem of the proposed study is in performance evaluation. The current perfor-

mance evaluation compares between automated planning results and experienced surgeon’'s preop-
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erative plans and does not compare between automated planning results and actual surgical results.
According to a previous study, surgical plans in preoperative stage may be different with surgical
results in postoperative stage, even though experienced surgeon prepare the preoperative plans [14].
Therefore, to discuss usefulness of the proposed study, the automated planning results should be
compared with the actual surgical results obtained from postoperative 3D-CT images. One problem
in obtaining the implant parameters (size, position, and orientation) from postoperative CT imagesis
metal artifact in the images caused by implants. Estimation of implant parameters from such a noisy
images is need to be developed. Obtaining the implant parameters from postoperative CT images
based on image registration technique between pre- and post-operative CT images have been pro-
posed [76]. By using this method, the performance evaluation procedure of the proposed study may
needs to be improved.

Future work will include extensions of the proposed methods to other implant designs and other
surgery. In principle, if 3D surface models of a new implant design are available and a sufficient
number of planning datasets are prepared using the new implant by an experienced surgeon, the
proposed statistical atlases can be constructed and utilized for automated planning. This point need
to be confirmed by performance evaluations. As shown in the preliminary work in chapter 6, the
research group including the author has been developing an adjustment method by considering LLD
and ROM and various evaluation values. This method needs to be evaluated by applying to many
cases. Additionally, establishing a performance evaluation procedure using postoperative CT images

is needed to discuss clinical usefulness of the proposed study.
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