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Abstract. This paper describes intraoperative simulations for the limb
length and the range of motion (ROM) adjustment in total hip relace-
ment (THR) surgery, and their utility in intraoperative planning. After
implantation of the cup and stem, final adjustments can be made to the
limb length and ROM by selecting the optimal combination of femoral
neck and head components from the range available in a changeable mod-
ular system. The aim of this work is to provide intraoperative assistance
to the surgeon in selecting the optimal component combination as well
as in planning additional osteotomy to remove unwanted bone impinge-
ments and widen the safe ROM. Using the positions and orientations of
the cup and stem intraoperatively measured by a combined acetabular
and femur (CAF) navigation system, limb length and ROM simulations
are carried out for neck and head components of various lengths and
angles. These simulations provide information on limb length, the ROM,
and where in a 3D model impingements will occur for each combina-
tion of components. The accuracy of the simulations was evaluated by
comparison with postoperative CT data for the limb length and actually
measured motions for the ROM.

1 Introduction

In total hip replacement (THR), computer assisted navigation for placement of
the acetabular cup has been shown to be highly useful [1],[2],[3]. Precise align-
ment of the cup orientation is regarded as particularly important to reduce the
possibility of complications such as dislocation, wear, and loosening. Previous
navigation systems for THR have consisted of the distinctly separate stages –
a preoperative planning and simulation stage and the intraoperative navigation
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itself [1],[2],[3]. In the preoperative stage, optimal parameters such as cup size,
position, and orientation are determined through surgical planning that includes
the range of motion (ROM) simulation [4] and the limb length adjustment. In
the intraoperative stage, the actual position and orientation of the cup are ac-
curately measured using an optical 3D sensor so as to execute exactly what
was planned preoperatively. However, this two-stage approach is insufficient be-
cause the actual execution during the intraoperative stage often differs from the
preoperative plan for the following reasons:

– Manual placement of the cup component is inherently inaccurate even if a
sophisticated navigation system is utilized.

– The preoperative plan sometimes needs to be changed during the operation
if conditions are encountered that were not anticipated from the preopera-
tive images. For example, the cup position may need to be changed if the
bone tissue around the preoperatively planned position is found to be unex-
pectedly fragile.

To address the above problems, our system incorporates additional intraopera-
tive simulation and planning stages that are implemented after the two stages
described above.

In this paper, we describe intraoperative simulations for limb length and
ROM adjustment in THR. In our hospital, after implanting the acetabular cup
and femoral stem, the surgeon makes final adjustments to the limb length and
ROM by selecting the optimal combination of neck and head components from
the range available in a changeable modular femoral head and neck system
(ANCA-FIT, Cremascoli, Milan) (Fig. 1). The neck and head components vary
in their length and angle (the depth of the socket in the case of the head compo-
nent), and component selection has a significant effect on both the limb length
and ROM. The surgeon performs additional osteotomy (bone cutting) to remove
some bone regions so as to prevent the impingement of bone on bone or of the
implant on bone, which would reduce the safe ROM (hereafter, the impingement
of A on B is referred to as the A–B impingement). The purpose of the intraop-
erative simulation is to assist the surgeon in intraoperative planning with regard
to selecting the optimal combination of neck and head components and deter-
mining which additional bone regions should be removed by osteotomy. In our
intraoperative simulation, the limb length and ROM are simulated for neck and
head components with various lengths and angles based on the positions and
orientations of the acetabular cup and the femoral stem implants, which are
intraoperatively measured after implantation using a combined acetabular and
femur (CAF) navigation system for THR [5]. Intraoperative planning is then
carried out based on the simulation results as to which neck and head compo-
nents should be selected and where additional osteotomy should be performed
to avoid unwanted impingements.
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(a) Components (b) Implantation

Fig. 1. Changeable modular femoral head and neck system. (1) Cup, (2) head,
(3) neck, and (4) stem.

2 Intraoperative Simulation and Planning for Total Hip
Replacement

2.1 Combined Acetabular and Femur (CAF) Navigation System

The combined acetabular and femur (CAF) navigation system employed is an
Optotrak-based guidance system for THR (Optotrak, Northern Digital Inc., Wa-
terloo, Ontario, Canada) [5]. The novel feature of this CAF system is that it pro-
vides the guidance of both pelvis and femoral sides – unlike other systems which
deal with either the acetabular [1],[2],[3] or femur [6] side. This feature enables
the surgeon to intraoperatively evaluate the geometric and kinematic parame-
ters inherent in the hip joint, including limb length and ROM as addressed in
this paper. Using 3D surface models of the pelvis and femur reconstructed from
preoperative CT images, surface-based registration is performed by applying the
iterative closest point (ICP) algorithm for both the acetabular and femoral sides.
To attain a high level of accuracy on each side, we evaluated the optimal sam-
pling areas of 3D points on clinically available bony surfaces so as to balance
accuracy and invasiveness [7]. The placement of the cup and stem components
is guided and measured using localizers to which Optotrak LED markers are
attached (Fig. 2(a)). During the operation, the motions of both the pelvis and
femur are tracked by means of rigid bodies attached to them (Fig. 2(b)). Another
advantage of our CAF system in THR is that it provides guidance in osteotomy
for femoral head resection on the femoral side.

2.2 Pelvis- and Femur-Centered Coordinate Systems

Using anatomical landmarks, the pelvis-centered and femur-centered coordinate
systems (pelvis-CS and femur-CS) are preoperatively determined to measure the



Intraoperative Simulation and Planning 1117

(a) Localizers (b) Intraoperative use

Fig. 2. Localizers and trackers with LED markers for the CAF system and their
intraoperative use. (1) Optotrak pen-probe, (2) cup localizer, (3) stem localizer,
(4) pelvis tracker (rigid body attached to pelvis), and (5) femur tracker (rigid
body attached to femur).

geometric and kinematic parameters inherent in the hip joint of each patient.
Figure 3 shows the anatomy of the hip joint. The anatomical landmarks are
localized on the 3D surface model of the pelvis and femur reconstructed from
the CT images. The pelvis-CS and femur-CS are based only on the 3D shape
inherent in the pelvis and femur, respectively.

Fig. 3. Anatomy of the hip joint and anatomical landmarks. (1) Acetabulum,
(2) femoral head, (3) foramen obturatum, (4) trochanter minor, (5) medullary
space, and (6) trochanter major.

We define the pelvis-CS in the following manner. Firstly, the xz-plane of
the pelvis-CS is defined. Consider a plane whose normal is vertical (like the top
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of a desk). A pelvis placed on the plane with its frontal side downward is in
a stable pose supported by three points on the pelvis surface. The xz-plane of
the pelvis-CS is then defined as the plane tangential to the frontal side of the
pelvis as described above (Fig. 4(a)). Secondly, the xy-plane is defined as the
plane tangential to the upper rims of the two holes in the pelvis (the foramina
obturata, see Fig. 3) and orthogonal to the xz-plane. Finally, the yz-plane is
defined as the plane passing through the center of the bridge between the left
and right parts of the pelvis (the symphysis pubica) and orthogonal to both the
xz-plane and the xy-plane (Fig. 4(b)).

We define the femur-CS in following manner. Firstly, the xz-plane of the
femur-CS is defined as the plane tangential to the posterior side of the femur
in a manner analogous to that described above for the pelvis-CS (Fig. 4(c)).
Secondly, the z-axis is defined as the orthogonal projection of the medullary
axis, which is the principal axis of the medullary space (see Fig. 3), on the xz-
plane. Thirdly, the origin is defined as the orthogonal projection of the crown
position of the trochanter minor, a prominent anatomical landmark (see Fig. 3)
on the xz-plane. Finally, the xy-plane is defined as the plane passing through
the trochanter minor crown and orthogonal to the z-axis (Fig. 4(d)).

2.3 Representation of Positions and Orientations of Cup and Stem

The CT image coordinate system (image-CS) and the Optotrak coordinate sys-
tem (Optotrak-CS) are both unsuitable for representing the geometric and kine-
matic properties inherent in the hip joint. In order to measure and analyze these
properties, we need to determine the positions and orientations of the cup and
stem in the pelvis-CS and femur-CS, respectively.

For this purpose, we employ cup-centered and stem-centered coordinate sys-
tems (cup-CS and stem-CS) in which the 3D shapes of the cup and stem are
respectively represented. We define the cup-CS in the following manner. First,
the origin of the cup-CS is defined as the center of the spherical surface of the
cup hemisphere. The z-axis of the cup-CS is then defined as the normal of the
plane fitted to the cup rim. Since the cup implant we use is rotationally symmet-
ric around the z-axis, the x-axis and y-axis are not determined. The stem-CS is
similarly uniquely defined based on the rim shape and orientation of the socket
into which the modular neck component is inserted (the details are not described
here).

Let Tio be a 4×4 matrix representing the transformation from the image-CS
to the Optotrak-CS, which is estimated during the intraoperative registration
stage; let Toc be the transformation from the Optotrak-CS to the cup-CS, which
is estimated by combining the intraoperatively measured 3D positions of the cup
localizer with the preoperative tool calibration; and let Tpi be the transformation
from the pelvis-CS to the image-CS, which is estimated during the preoperative
planning stage. What we need is Tpc, representing the cup position and orienta-
tion in the pelvis-CS. We obtain the transformation from the pelvis-CS to the
cup-CS, Tpc, using the above transformations as follows:

Tpc = TpiTioToc. (1)
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(a) (b)

(c) (d)

Fig. 4. Pelvis-centered and femur-centered coordinate systems (Pelvis-CS and
femur CS). (a) The xz-plane with the pelvis 3D model. (b) Pelvis-centered coor-
dinate system. (c) The xz-plane with the femur 3D model. (d) Femur-centered
coordinate system.

Similarly, we obtain the transformation from the femur-CS to the stem-CS, Tfs,
as follows:

Tfs = TfiTioTos, (2)

where Tos and Tfi are the transformations from the Optotrak-CS to the stem-CS
and the femur-CS to the image-CS, respectively.

2.4 Representation of Hip Joint Motion

After implanting the cup and stem, the surgeon selects the most appropriate
combination of neck and head components from those available in the changeable
modular femoral head and neck system (Fig. 1) to adjust the limb length and
ROM.
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This combination determines the transformation from the cup-CS to the
stem-CS, Mcs. Mcs is also a 4×4 matrix representing the transformation, which
can decomposed as

Mcs = TcsRcs, (3)

where Tcs is a fixed transformation determined by the combination of the neck
and head components. Rcs, which represents the hip joint motion, is a vari-
able transformation but constrained to the rotational motion whose center is
the origin of the cup-CS. The overall hip joint motion is represented by the
transformation from the pelvis-CS to the femur-CS, Mpf , which is given by

Mpf = TpcTcsRcsTsf = TpcTcsRcsT
−1
fs , , (4)

where Rcs is variable due to the hip joint motion and Tcs is changeable according
to the combination of head and neck components selected.

2.5 Limb Length Simulation

Minimizing limb length discrepancy between left and right is of great importance
in THR. In order to measure the limb length, we first define the normalized
arrangement of the hip joint. In the normalized arrangement, Rcs, which is a
variable part of the transformation representing the rotational motion of hip
joint, is determined so that the directions of the three coordinate axes of the
pelvis-CS are the same as those of the femur-CS. We then define the limb length
as the projective length of −−−→OpOf on the z-axis in the normalized arrangement,
where Op and Of are the origins of the pelvis-CS and femur-CS, respectively.
This length corresponds to the distance along the z-axis between the upper rim
of the foramen obturatum on the pelvis and the crown of the trochanter minor
on the femur in the normalized arrangement, which are anatomical landmarks
used in determining the pelvis-CS and femur-CS. The limb length simulation
for testing different combinations of neck and head components is realized by
changing the transformation Tcs (in Equation (4)), which corresponds to each
combination. Since Tpc (from the pelvis to the cup) and Tsf (from the stem to
the femur) needed to measure the limb length are obtained intraoperatively, this
simulation is performed intraoperatively.

With respect to the other side of the leg (which is assumed not to be an im-
plant), the limb length is preoperatively measured using the method described
above. The femur-CS is determined by the same method. The pelvis-CS is com-
mon to both the left and right legs. Tpc (from the pelvis to the cup) and Mcf

(from the cup to the femur) are measured from CT images, where Mcf = TcfRcf .
The origin of the cup-CS is determined as the center of the sphere approximating
the femoral head in CT images. The orientation of the cup-CS does not affect
the limb length since it is measured in the normalized arrangement. Rcf is de-
termined so that the the directions of the three axes of the pelvis-CS are the
same as those of the femur-CS. Figure 5 shows examples of the intraoperative
simulation for limb length adjustment.
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Fig. 5. Intraoperative simulation for limb length adjustment. Left: A large dis-
crepancy between left and right is observed. Right: The discrepancy is minimized
by changing the neck component.

2.6 Range of Motion (ROM) Simulation

The range of motion (ROM) is regarded as the intersection of sets of ROMs esti-
mated on the basis of implant–implant, bone–implant, and bone–bone impinge-
ments (Fig. 6). In the hip joint motion shown in Equation (4), Tcs can be changed
using different combinations of neck and head components. As described earlier,
Rcs is the rotational motion whose center is the origin of the cup-CS. The range
of rotational angles in Rcs is constrained by the impingements mentioned above,
and the safe ROM can be regarded as the range of rotation angles without such
impingements. Rcs can be decomposed into the direction −−−→

OcOs and the rotation
around −−−→

OcOs. Here, we assume that the rotation around −−−→
OcOs is fixed and we

estimate the range of the direction −−−→
OcOs without impingements. A collision de-

tection algorithm (V-CoLLIDE, http://www.cs.unc.edu/~geom/V_COLLIDE) is
employed to find the ROM using the CT surface models of the pelvis and fe-
mur, and the CAD surface models of the implants. In the ROM simulation, the
intraoperatively measured positions and orientations of the cup and stem (Tpc

and Tsf ) are used. The ROM simulation for testing the different combinations
of neck and head components is realized by changing the transformation Tcs

Thus, the ROM simulation results suggest the best combination of neck and
head components.

Using the collision detection algorithm, the surgeon can also determine where
in the 3D models collisions (impingements) occur and the extent to which they
reduce the ROM. Hence, the ROM simulation results also suggest where bone
should be removed by osteotomy to widen the safe ROM.

3 Results

We applied the procedures described in Section 2 to ten cases of THR at Osaka
University Hospital. Postoperative CT images were obtained to compare intra-
operatively measured parameters with those estimated from the postoperative
images. Both the preoperative and postoperative CT images (512× 512 matrix)
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Fig. 6. Impingement of bone on bone in intraoperative ROM simulation.

were obtained with a 3-mm slice thickness, 3-mm reconstruction pitch, and 420
mm FOV.

3.1 Limb Length Simulation

We evaluated the intraoperatively estimated limb length by comparing it with
that estimated using postoperative CT images. The postoperative images were
processed, and the postoperative cup position, cup orientation, and limb length
were measured, as follows. Firstly, the CT surface models of the pelvis and femur
were reconstructed from the postoperative CT images. The postoperative pelvis
model was registered to the preoperative pelvis model using the ICP algorithm
and the same pelvis-CS as the preoperative one was determined. Secondly, the
position and orientation of the implanted cup (the cup-CS) in the pelvis-CS were
estimated by fitting the CAD model of the cup. In this way, the center of the
rotation Rcf was found. Finally, the femur-CS in the postoperative model was
defined and its orientation was aligned to the pelvis-CS so that the pelvis and
femur models were positioned in the normalized arrangement. The postoperative
limb length was then measured.

Table 1 shows the differences between the intraoperative and postoperative
results for the cup position, cup orientation, and limb length, which taken to-
gether can be regarded as a good approximation of the overall accuracy of the
method. For the cup position and orientation, the distance and difference in
angle, which are absolute values, were respectively used as the error measures.
For the limb length, the difference between the two results, which is a signed
value, was used. The root-mean-squares (RMS) were around 3 mm and 4 de-
grees. Intraoperative adjustment of limb length in gradations of every 2 or 3
mm is possible by changing the neck and head component combinations. The
accuracy of the limb length simulation was regarded as acceptable considering
that the differences included the registration error between the preoperative and
postoperative pelvis models.
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3.2 ROM Simulation

Figure 7 shows the ROM results for two cases (#6 and #7). These were plotted
based on the implant–implant impingement (labeled “implant” in Fig. 7) and all
possible impingements (labeled “simulation”). The ROM is represented by the
z-axis direction of the femur-CS in the pelvis-CS. The radial directions 0◦ and
90◦ correspond to the left and frontal directions, respectively. We also plotted
the directions of the femur relative to the pelvis measured intraoperatively by
actual ROM testing – i.e. not by simulation – using the Optotrak system (la-
beled “real”). These measurements were made while the surgeon moved the leg
in the frontal directions. In each case, the same combination of neck and head
components was used for the actual and simulated measurements. The ranges of
movement simulated intraoperatively were consistent with those actually mea-
sured.

In the case shown in Fig. 7(a), a ROM simulation was also performed with
a different combination of neck and head components from that used for the
actual measurement. The result, shown in the left frame, confirmed that the
ROM could be markedly altered by changing the component combination.

In the case shown in Fig. 7(b), the surgeon performed additional osteotomy
on the pelvic bone to remove unwanted impingements and widen the safe ROM.
We intraoperatively reconstructed the bone shape resurfaced by the additional
osteotomy based on a set of 3D points obtained by digitizing the bone surface
using the Optotrak pen-probe [8]. ROM simulations were done using the pelvis
models obtained before and after the additional osteotomy (respectively labeled
“simulation 1” and “simulation 2”). The results confirmed that the ROM was
widen by the additional osteotomy.

4 Discussion and Conclusions

We have described intraoperative limb length and range of motion (ROM) sim-
ulations in total hip replacement (THR) surgery and demonstrated their useful-
ness in intraoperative planning to select the best combination of neck and head
components in a changeable modular system as well as in additional osteotomy
to widen the safe ROM. In order to measure the geometric and kinematic proper-
ties inherent in the hip joint, the pelvis- and femur-centered coordinate systems
were preoperatively determined. The positions and orientations of the acetabular

Table 1. Accuracy evaluation of intraoperatively measured cup position, orien-
tation, and limb length.

Case # 1 2 3 4 5 6 7 8 9 10 RMS

Cup position (mm) 2.96 1.50 4.38 3.05 3.40 3.55 1.15 2.08 3.79 4.64 2.98

Cup orientation (degree) 4.55 2.84 3.38 1.84 6.60 4.91 1.91 2.67 3.28 1.52 4.25

Limb length (mm) 6.35 0.50 –0.84 3.53 1.11 -4.45 -0.18 3.12 -2.21 -5.11 3.40
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cup and femoral stem in these coordinate systems were then obtained intraop-
eratively using a combined acetabular and femur (CAF) navigation system for
utilization in the simulations based on the intraoperative conditions of the hip
joint.

(a) Case 6

(b) Case 7

Fig. 7. Intraoperative ROM simulation results. See text for details.

These intraoperative simulations offer two distinct advantages. Firstly, the
most suitable combination of head and neck components can be selected based
on comprehensive simulation results. This is advantageous for the surgeon be-
cause it is difficult to actually measure the motion limits in various directions
or the limb length for various combinations of head and neck components dur-
ing the operation. Secondly, using 3D models the surgeon can easily determine
impingement locations and where additional osteotomy should be performed.
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In clinical trials, the accuracy of intraoperatively estimated limb lengths was
evaluated by comparison with postoperative CT images, and was found to be
acceptable. The ROM obtained by intraoperative simulation was compared with
actually measured motions and confirmed to be consistent with them. While the
experimentally evaluated overall accuracy was acceptable, it was apparent that
the overall accuracy was liable to be affected by several potential sources of error
including tool calibration and registration [7] as well as the determination of the
pelvis- and femur-centered coordinate systems. Furthermore, error sources on the
pelvis side are combined with those on the femur side in the hip joint simulation.
Hence, in future work we will consider how the theory of error propagation [9],[10]
can be applied to determine the extent to which each error source might affect
the overall accuracy.

Since our work is focused on the uniqueness of the geometric and kinematic
parameters of the hip joint, in defining the pelvis- and femur-centered coordinate
systems it was our intention that these coordinate systems should be uniquely
determined based on their 3D shapes. Although the coordinate systems used in
this study provided unique parameters, they should be improved so as to describe
geometric and kinematic properties that can be directly related to the joint
function. For example, in the present system the z-axis of the pelvis-centered
coordinate system does not correspond to any functional axis of hip joint motion.
In future work, such factors need to be incorporated when defining the coordinate
systems [11].
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