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Computer Simulation of Deformity Correction for the Femoral Malunion
Takuya Matsumoto, Isao Ohnishi, Masahiko Bessho, Satoru Ohashi, Kenji Tobita, Kozo Nakamura
Department of Orthopaedic Surgery, University of Tokyo, Tokvo,
Abstract: The deformity occurred at lower |imbs should be corrected because of its cosmetic and functional
disorder. The operative treatment using external fixators are widely performed. Preoperative planning of the

“deformity correction is based on the X-ray images. However, Computed Tomography (CT) images are required in order
fo evaluate the rotation, there is a limit for deformity correction only by X-ray images. Therefore we developed
gperation simulation as a preoperative planning using patient specific 3D surface model constructed from CT dicom
datum. Procedure of the operation simulation is quite the same as the real operation using a universal bar |ink

gystem unilateral external fixator (UBL)
of the hinges of UBL

And the simulation of deformity correction is done by changing angles
It is easier to evaluate deformity correction using STL mode| because we can move the model

on 8 computer screen freely and can evaluate from many aspects
Key words: Computer simulation, Defromity correction, Universal Bar Link system. External fixator
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A Robot Assisted Hip Fracture Reduction with
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Abstract. A fracture reduction robot is described as assisting in safe
and precise fracture reduction. The robot is connected with pins that are
inserted into the patient’s bone fragments, together with a customized
jig. The robot has six degrees of freedom with high precision, so that
precise fracture reduction can be conducted. The failsafe unit of the
fracture reduction robot can mitigate excessive reduction force that may
cause complications such as avascular necrosis. We have integrated the
fracture reduction robot with a navigation system that tracks the relative
position of the bone fragments and generates the reduction path. The
integrated system is evaluated with the simulated fracture reduction of
a hip fracture model (n=8). Three-dimensional parameters related to
the mechanical axis-the proximal femur angle, the distal femur angle,
and the length of the mechanical axis-were evaluated by comparing the
normal values with those after reduction; these average differences are
1.76°, 0.28° and 0.76mm, respectively. The automated fracture reduction
feature makes it possible for medical stall to work at a distance from
radiation sources; for patients, the integrated fracture reduction system
has the potential to reduce fractures with high precision.

1 Introduction

Femoral neck fractures can occur in the elderly, on account of simple falls; inci-
dences thereof are increasing in our aging society. Most patients are bedridden
and should be surgically treated. Though surgery outcomes are influenced by a
fracture reduction accuracy, highly qualified medical care and repeated radiation
exposure are both required.

* We wish to thank many people and groups who have contributed to this effort.
Research on medical devices for analyzing, supporting and substituting the function
of human body funded by Ministry of Health, Labour and Welfare(H17-Physi-007).

D. Metaxas et al. (Eds.): MICCALI 2008, Part [1, LNCS 5242, pp. 501-508, 2008,
(© Springer-Verlag Berlin Heidelberg 2008
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Surgical navigation has been previously applied to guidance in fracture reduc-
tion [1]. Computer-assisted surgery can help reduce reliance on fluoroscopy and
improve the accuracy of reduction. Robot-assisted fracture reduction is a good
solution for these problems, and several groups have reported the development
of this sort of robot [2][3]. While those robots are typically modifications of in-
dustrial robots, we have developed a fracture reduction robot designed expressly
for medical use [4].

Our robot has six DOF and a mechanical failsafe mechanism; it also has a
power-assisted control mode and an automatic operation mode in the navigation
system. However, there were some issues with this robot that must be rectified,
The robot uses a traction boot for fracture reduction, in much the same way
the conventional manual reduction method uses a fracture table. It is, for that
reason, difficult to position the bone fragments precisely, in spite of the increased
DOF. Even when connectivity between the reduction robot and the surgical
navigation has been confirmed, it is necessary to evaluate the clinical usefulness
of the integrated system that involves navigation.

In this paper, we present a fracture reduction assisting system that consists of
a fracture reduction robot and a navigation system. For the accurate positioning
of bone fragments, bone fragments are directly connected with the robot using a
customized jig. The navigation system tracks the positions of bone fragments and
generates an appropriate reduction path. The clinical usefulness of the system
was evaluated using experimental results from a simulated fracture reduction.

2 Method

We carefully considered safety, mobility, precision of control, and ease of ex-
tension to other machines-such as navigation systems-in developing the fracture
reduction robot. In this section, which focuses on the target operation, the appa-
ratus of the fracture reduction robot, the navigation system, and the integration
of the two are described.

2.1 Target Operation

Conventional fracture reduction with the use of a fracture table is an indirect
reduction method. This method is not invasive, but it is difficult for surgeons
to reduce precisely, due to force absorption at soft tissues such as joints, skins,
muscles, and the like, For more precise positioning of bone fragments, a direct
reduction method-such as the one proposed by our medical team-is required for
the target operative technique. In executing that technique, two medical screws
are inserted into the bone fragment and connected to the ring frame, so that
the connection between the ring frame and the bone fragments is very rigid. The
bone fragment can be arranged precisely by handling the ring frame, though this
method does require a small incision.
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2.2 Fracture Reduction Robot

An outline of the fracture reduction robot is provided in Figure 1(a); a kinematic
model is provided in Figure 1(c). The robot has six independent DOFs (i.e., three
DOFs in translation and three DOFs in rotation). Three rotational axes intersect
each other at one point, for easy control from the kinematics caleulation point
of view. Four steerable wheels attached beneath the robot enable medical staff
to move the robot easily, in spite of its weight (315k¢g). The size of the robot is
640 x 1084 x 131Tmm(width x long x height). It can be transported with the
use of a common passenger elevator,

The customized jig, shown in Figure 1(b), connects the bone fragment with
the robot. Carbon fiber and duralumin were used as the main materials of the
jig, making it lightweight yet highly rigid. The position and posture of the jig
can be adjusted with six DOFs, depending on the relative position between the
bone fragment and the fracture reduction robot. The setup and connection of
the robot to the patient is relatively simple and straightforward.

For safety assurance, two mechanical failsafe units, a six-axis force sensor,
and emergency stop buttons are installed in the system. The mechanical failsafe
units can mitigate excessive reduction force, and the units maintain high rigidity
within the allowed force and torque ranges. However, if an excessive force is
applied to the unit, it decouples the customized jig from the actuation unit to
remove the applied force or torque, so that the bone fragment is prevented from
any excessive movement that could damage the precarious blood supply. One
of the two mechanical failsafe units is used to limit the application force along

Fig.1. The fracture reduction robot. (a) the outline of the robot. a six-axis force
sensor is shown in the white dotted circle, (b) the customized jig for connecting the
bone fragment with the robot, and (c) the kinematic model of the robot,
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the traction direction, and the other unit is used to limit the rotation torque
around the internal or external rotation axis. The thresholds force and torque is
designed to refer the clinical data reported by Maeda et al [5], and these can be
adjusted from 200N to 400N, and from 20N'm to 30Nm with accuracy of 10%,
respectively. The reduction force is also monitored by the six-axis force sensor,
which is mounted on the robot as shown in the white dotted circle of Figure 1(a).
The measured reduction force is used to manage the software failsafe system, to
keep the applied force and torque within the allowed ranges. When a surgeon or
medical staff pushes the emergency stop button, each axis of the robot stops its
operation and the actuation units are decoupled, so that the customized jig can
be operated manually.

2.3 Navigation System

The navigation system has two main functions. One is to track the relative po-
sition between the bone fragments and the robot; the other is to generate an
appropriate reduction path. In this system, we plan to use 2D-3D registration of
the fluoroscopic image to the three-dimensional preoperative computed tomog-
raphy (CT) data. An optical 3D position measurement system (Optotrack, NDI.
Canada) is used to track the intraoperative fluoroscope system, the reduction
robot’s position, and the bone fragments.

The tracking method combines 2D and 3D image registration from single-view
fluoroscopy with tracking of the head center position of the proximal femoral
fragment, to improve the accuracy of fluoroscopic registration-all without the
need for the repeated manual adjustment of the C-arm that is required with
stereo-view registrations. Kinematic knowledge of the hip joint, which has a
positional correspondence with the femoral head center and the pelvis acetabular
center, allows the position of the femoral fragment to be determined from pelvis
tracking [6]. The robot’s reference marker is used not only for tracking the robot,
but also for tracking the distal bone fragment. The position of the distal bone
can be calculated using the robot’s position, since the distal bone is rigidly
connected to the robot. The reduction path is generated using the acquired
relation of the bone fragments, and it is visualized through the use of animation.
The generated reduction path is interactively edited by the surgeon, and the
generated reduction path is transmitted to the robot.

2.4 System Configuration and Surgical Procedure

The system configuration is illustrated in Figure 2. The optical 3D position
measurement system tracks the proximal and distal bones, and it transmits
the measured data to the navigation system. The navigation system tracks the
relative spacing between the bone fragments and the robot. The intraoperative
Huoroscopy system, the surgical navigation system, and the robot controller
communicate with each other through the computer network (TCP/IP); the
navigation system sends control commands to the robot, and the robot replies
with the current status.

72



A Robot Assisted Hip Fracture Reduction with a Navigation System 505

The control process of the robot is managed in real time, with a frequency of 1
KHz. So as not to interfere with the control process during data communication,
commands from the navigation system are handled by a user task that is a non-
real-time process. The command data is written in the shared memory on a first
in, first out (FIFO) basis, and they are processed by the FIFO handler of the
control routine.

The surgical procedure by the integrated system for fracture reduction is as
follows:

Step 1) The three-dimensional surface data of the bone fragments are estimated
from CT scans of the injured hip, prior to surgery.

Step 2) A reference sensor is attached to the pelvis.

Step 3) The coordinates of the fracture reduction robot are calibrated by the
navigation system.

Step 4) The distal bone fragment is connected to the robot, using the cus-
tomized jig.

Step 5) The coordinates of the bone fragments are calculated with 2D-3D reg-
istration, following fluoroscopic scan.

Step 6) The navigation system tracks the relative position of the bone fragments
until the reduction is complete.

Step 7) The navigation system generates the reduction path and the surgeon
interactively corrects it, as needed.

Step 8) The robot reduces the fracture, following the commands from the nav-
igation system.

Fig. 2. Configuration of the integrated system, between the fracture reduction robot
and the navigation system
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3 Results

3.1 Simulated Fracture Reduction

We prepared a femoral neck-fracture model by cutting the femur model (SAW
BONES, Pacific Research Laboratories, Inc. USA) with a band saw and attaching
a rubber band between the femur and the hip, to simulate the influence of mus-
cles such as the gluteus medius and the piriformis. The fracture reduction was
conducted following the procedure described in section 2.4, with the exception
of step 5. A pen-type reference marker was used to trace the surface of the bone
fragments instead of fluoroscope, and the acquired data were combined with the
surface data acquired in step 1 using the surface matching method.

We corrected the reduction path referred to in the common reduction method,
which pulls down the distal bone a little and locates the correct position with
internal rotation. It takes about one minute to reduce the fracture with the robot
(step B); the “before” and “after” of the reduction are shown in Figure 3.

Fig. 3. Results of fracture reduction, (a) before reduction and (b) after reduction

3.2 Evaluation Method and Experimental Results

A fracture reduction is generally assessed using two-dimensional fluoroscopic
images. The reduction alignment angles of the anteroposterior (AP) and lateral
views should be within the defined values; however, this assessment is influ-
enced by the measured angle of the fluoroscopic images, as well as the surgeon’s
viewpoint. Therefore, to ensure high reproducibility, we evaluated the reduction
result from parameters related to the mechanical axis used to assess the femur
deformity. The mechanical axis is drawn from the center of the knee joint to the
head of the femur, as illustrated in Figured. If the mechanical axis is defined, the
mechanical distal femur angle (DFA) and proximal femur angle (PFA) can also
be defined. Before fracturing the femur model, we marked feature points such as
the greater trochanter, the head of the femur, the lateral condyle, and the med-
ical condyle; these points are shown as red points in Figure 4, We measured the
three-dimensional positions of the feature points using the pen-type reference
marker and the optical 3D position measurement system: we then calculated the
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Fig. 4. Femoral mechanical axis, and the related parameters and results (n=8)

“normal values” of the length of the mechanical axis, the PFA, and the DFA
from the four measured feature points. The “reduction values” following frac-
ture reduction were finally compared to the normal values. The table in Figure 4
shows the normal values, reduction values, and differences thereof.

4 Discussion

A fracture reduction procedure is generally considered accurate and precise
when the alignment error and the gap are within 2° and 2mm, respectively,
according to assessments based on two-dimensional imagery. We compared three-
dimensional parameters, two angles, and a length, to assess the outcome of the
simulated fracture reduction described in section 3.2. The average differences in
PFA, DFA, and MA were 1.76°, 0.28° and 0.76mm, respectively (n=8). Although
we offer no recommended values for the evaluation method used in this paper,
it is believed that differences are allowable when comparing the two-dimensional
recommend values, and that the integrated system has the potential to reduce
fractures with high precision. The differences are interpreted as a combination
of the registration error of the bone fragments, the robot motion artifact, and
optical-tracking error.

The fracture model used in the experiment uses imitation muscles, to re-
produce a fracture type similar to clinical status. The surgeons in our research
group evaluated the fracture model comparable to the clinical cases. To evaluate
the failsafe system, we must improve the fracture model. There are limitations
in evaluating the system and the mechanical failsafe system in particular. The
safety mechanism should be evaluated more clearly with the created fracture
model, based on the clinical data; we are preparing to measure clinical data-
such as reduction force and the reduction path-during the direct fracture reduc-
tion. In our experiments, we could not use a Auoroscope for 2D-3D registration
of bone fragments. We are trying to integrate our system and the registration
method, which is reported by Nakajima et al [6]. Though the radiation exposure,
the registration error, and the reduction accuracy of a complete system should
be evaluated, it can be expected to reduce the radiation exposure, because the



508 S. Joung et al.

system shortens the overall reduction time and the surgeon can monitor the re-
duction status via the navigation system, without the use of a Huoroscope, and
moreover surgeons can work at a distance from radiation source.

In conclusion, we have developed the fracture reduction robot to assist in
fraction reduction, with high levels of precision and safety. The robot is con-
nected to the bone fragment with pins that were inserted into the patient bone
fragment with the customized jig. The robot has six degrees of freedom with
high precision, so a precise fracture reduction can be performed by using the
robot. The fracture reduction robot was integrated with a surgical navigation
system that can track the relative positions of bone fragments, so the robot
can generate an appropriate reduction path. The entire system was evaluated
using simulated fracture reduction, and the results thereof show the ability of
the proposed system in reducing fractures with high precision and thus shorten-
ing radiation exposure time. Nonetheless, the safety mechanism of the fracture
reduction robot should be evaluated and the stability of the integrated system
should also be evaluated.
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It duction: Clinically

ilable methods for estimating bone strength
include bone densitometry techniques such as dual energy X-ray
absorptiometry n.nt.l pcnphcrl.l quantitative computed lunmg'nphy and
other di fures such as radiographic i
These techni | bone density and phol gywhu:h
are partly related Io fracture risk, but are of limited value for quantifying
structural strength [1]. We focused on a computed tomography-based
finite element method (CT/FEM) to quantify structural strength,
developing a nonlinear CT/FEM to achieve accurate of
strength in the proximal femur and lumbar veriebrae [2, 3. In the
clinical application of CT/FEM, strengths of the proximal femur and
lumbar brae are most fi ly evaluated, b fir risk in
these regions is a matter of serious concern [4-8]. No other CT/finite
element model that can be applied to both the proximal femur and the
vcrtabru hu been reporl:d. Tllmfnl'e. &h were unavailable regarding
md 4L o B . Im
(PFLs). Examining strength at multiple sites in a number of patients
using screening by CT/FEM may be time-consuming, because several
hours is needed to analyze bone strength at each site, One of the
purposes of the present study was thus to validate our model by
companng PFLs in our model to fracture loads derived from mechanical

BIUE ¥

tension was assumed to fail when the maximum principal stress
exceeded the ultimate tensile stress. To allow for the nonlinear phase,
the mechanical properties of the elements were assumed to be bi-linear
clastoplastic, and the post-yield Young’s modulus was set as § % of the
pre-yield Young's modulus. PFL of the proximal femur was defined as
the load that caused at least one plate element failure [3]. The PFL of the
1.2 was defined as the load that caused at least one tetrahedral element
failure [2]. Corr:lutlms n.mnrlg PFLs of the femur (in SC and FC) and
the L2 were investi 's lation analysis was used and the
significance level was sct as p values of less than 0.05.

Result: The average PFL of the proximal femur in SC was 3910 N
(range: 2830 — 5800 N, standard deviation (SD): 719 N), 1290 N { range:
650 — 2030 N, SD: 323 N) for FC, respectively. The average PFL of L2
was 3010 N (range: 210 - 4950 N, SD: 1110 N). Correlations of the
PFLs for each configuration were shown on Table. |

Promimal femsr [ ]
Stance fall uninxial esion
Proxmal Stence configurator = 0847™ 472"
famur  fall configuration 0847 = na
L2 unindal i i

lcshng in prewuus sim:hes The other goal was to clarify whether either
postmenopausal osteoporosis patients is
pfedlmhle by CT/FEM ofunly one of the two sites. We thus

d whether fi | PFL could be utilized to estimate vertebral

E

PFL,

Materials and Methods: Right I'cmu! and the sccond lumbar vertebra
(L2) in 40 female patients with p porosis (age: 52 -
89, average: 70, I) were evxiuawd from Jmury 2006 1o December 2007,
Exclusion criteria included the presence of metal implant that precluded

Table. 1 Correlations (r) of the predicted fracture loads for each loading
configurations. (n.s.: not significant, ***: p < 0.001, **: p<0.01)

Discussions: Eckstein et al. reported that among 95 femoral specimens
from subjects with a mean Igeofﬂﬂyem mean failure load in vertical
loading confi ion (by ori 2 the shaft vertically and applying a
Imdmthefemu]lnndpuullelwﬁwsiwﬂ)mldwN(wnge 1252-
8253 N), compared to 3046 N (range, 790-8510 N) for side impact
configuration (the same as our FC) [14]. Failure load rended 1o be

ller in vertical loading configuration than n SC [11]. PFL in FC was

CT. The study protocol was approved by our ethics commuttee and the
patients were enrolled after informed consent was given. Axial CT scans
of the proximal femur and L2 were obtained (slice thickness: 3 mm
(femur), 2 mm (L.2), Aquilion Super 4, Toshiba Medical Systems Co,,
Tokyo, Japan) as well as scans of a calibration phantom. The CT data
were transferred to a workstation and 3D finite element models were
constructed from the CT data using the software that was developed by
the authors [2, 3]. For both of the proximal fermur and L2, trabecular
bone and the inner portion of cortical bone were modeled using linear
tetrahedral elements, while the outer cortex was modeled using
triangular plates (0.4 mm thick) [2, 3]. For the proximal femur, the
element size was set as 3 mm, md for L2, it was 2 mm. To allow for
bone h geneity, the h 1] ies of each el were
computed from the Hounsfield unit valua: The ash density of each voxel
was determined from the linear regression equation derived by relating

the Hounsfield unit of a calibration phantom to its equivalent ash density.

The ash density of each element was set as the average ash density of the
voxels contaned in Illai element. Young's mndulla and the yield stress
of cach tetrahedral ¢l were calculated using the ti d
by Keyak et al.[9] and Keller [10]. Poisson's ratio of each element was
set as 0.4. Load and boundary conditions were applied to this model to
represent two loading configurations, one was approximating joint
loading during single limb stance (force was applicd to the femoral head
and directed within the coronal plane at 207 1o the shaft axis) (stance
configuration; SC), and the other loading configuration was designed to
simulate a fall on the greater trochanter (loading on the femoral head
vcmeally to the floor with the femoral shaft slanted by 30° and

lly d by 15° in refe 1o the floor)(fall configuration: FC ]

smaller than that reporied by Eckstein et al. The present report included
both men and women. This might be one reason why our vertebral PFL
was smaller than that reported elsewhere.
In the elderly, McBroom et al. reported that among 10 specimens from
subjects with a mean age of 78 years, mean failure load was 3160 N (SD
424 N) for the L1 vertebral body and 3385 N (SD 485 N) for L3 [15].
Eckstein et al. that mean failure load for L3 was 3016 N (SD
149 N) [ 14]. Our results did not conmchct these previous studies.
Eckstein et al. rl.-puncd that ¢ fie | failure load in
ical loadi ion and in side impact configuration, between
femoral fa:!u.re load in v:mcal loading configuration and vertebral
failure load, and between femoral failure load in side impact
configuration and vertebral failure load were r=0.78, r=0.63 and r=0.59,
respectively. In our study, correlations between PFLs in SC and FC, and
PFL in FC and vertebral PFL were significant. However, no significan
correlation was noted b femoral PFL in FC and vertebral PRL
(p=0.91). PFL in FC may well correlate to vertebral PFL in Jap
women with postmenopausal osteoporosis. In our study, femoral PFL in
SC could be utilized to estimate vertebral PFL and femoral PFL in FC.
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