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Abstract. In Total Hip Replacement (THR) procedures, misalignment
of the acetabular component can lead to dislocation and impingement.
For the successful alignment of acetabular component, precise estimation
of pelvic anatomical coordinate system is necessary. Conventional nav-
igation systems use CT scan or fluoroscopy, or involve implanted bone
fiducials or invasive probing of bony landmarks to locate the anatomical
coordinate. In this paper, an ultrasound-based approach is proposed that
exploits prior knowledge about the anatomy of the pelvis in the form of a
3D surface atlas. Tracked ultrasound images are utilized to extract sam-
ple points from the surface of the pelvis. A generic coordinate system in
the specific patient is localized by registering these points to a statistical
atlas of the pelvis in which a canonical anatomical coordinate system had
been defined. This technique has been evaluated using simulation, dry
bone, and cadaver experiments and was able to localize the anatomical
coordinate system with the accuracy of about 1 degree.

Keywords: Orthopedic surgery, Statistical atlas, Ultrasound, Registra-
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1 Introduction

Accurate alignment of the acetabular component is a critical step in THR pro-
cedures. Misalignment of the acetabular component can lead to dislocation and
impingement increasing the chance of the need for a revision surgery [1I2]. Navi-
gation systems are proved to be successful in aligning the acetabular component
[1]. For placement of acetabular component, conventional navigation systems
require intra-operative fluoroscopy or pre-operative CT of the bone or might
involve invasive probing of bony landmarks with a tracked pointer.

In contrast, we propose an ultrasound-based approach which does not require
fluoroscopy or a CT scan of the patient. Ultrasound is a safe, effective, and
affordable intra-operative imaging tool in abdominal surgery, and it has begun
to find its way to orthopaedic surgery as well. By obviating the need for pre-
operative CT and intra-operative fluoroscopy, ultrasound fits well with recent
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trends in joint arthroplasty. Ultrasound adds little time to a clinical procedure,
as tens of images can be acquired in a matter of seconds. Recently available
portable ultrasound units provide good image quality, with little intrusion to
the operating theater. (To specifically stress on this point, in this work we used
a low-cost laptop ultrasound system.)

Recently, ultrasound was successfully coupled with OrthoPilot navigation sys-
tem (B. Braun Aesculap, Tuttlingen, Germany) to measure length, axes, and
torsion of a plastic leg model [3]. In [4], ultrasound based localization of bony
landmarks was compared to pointer palpation based technique. Similar results
of cup inclination values were reported for both methods. Interpretation and
localization of bony structures in ultrasound is subjective, time consuming, and
prone to error. These issues demand quantitative computational approaches that
promise to transform ultrasound into a generic navigation tool in orthopedic sur-
gical guidance. To this end, our methodology exploits prior knowledge about the
anatomy of the pelvis in the form of a three-dimensional surface atlas. We collect
tracked ultrasound images from the pelvis and extract sample points. We register
these points to a statistical atlas of the pelvis in which a canonical anatomical
coordinate system had been defined by the surgeon, and thus localize this generic
coordinate system in the specific patient.

There is a large body of scholarly work dedicated to statistical shape mod-
els [B]. The feasibility of ultrasound-based reconstruction of the surface model
of proximal femur using a dense point distribution model was evaluated in [6].
Although the reported results are less accurate than those obtained by pointer-
based approach, the high potential of ultrasound-based techniques is well recog-
nized. It is assumed that after the manual initialization and affine registration
of the points to the mean shape, the final pose is good enough for final mode
recovery. With this assumption, in [7], the mode weights are directly calculated
by differentiating the cost function.

In a similar work, a statistical shape model of femur was instantiated by reg-
istering the surface points manually segmented from ultrasound images to the
statistical model [8]. For each iteration of the registration, the weights for five
modes of variation were determined after Iterative Closest Point (ICP) optimiza-
tion. Furthermore, center of rotation of the femoral head was incorporated in
the process as an additional constraint. Cadaver validation of this work was pre-
sented in [9], where two pelvises and three femurs of cadavers were reconstructed.
The results show global registration accuracy of about 3 mm for femurs and 5 mm
for pelvises. The cadavers are moved during image acquisition in order to col-
lect images from all parts of bony anatomy accessible by ultrasound. The most
important distinction between this work and our approach is that we collect the
ultrasound images only from specific regions of bony anatomy with the purpose
of finding the anatomical coordinate system. Moreover, we have adapted a faster
optimization approach with a richer statistical atlas that has larger number of
modes of variation to achieve better accuracy. Finally, we employ the outcomes of
our previous work for an automatic initialization and ultrasound segmentation.
A detailed description of our technique is presented in the following section.
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2 Methodology

Our ultimate goal is to find the anatomical coordinate system of the patient’s
pelvis. We have adapted the definition of pelvic coordinate system which is
described in [I0] and is successfully used in a hip navigation system, “HipNav”
(CASurgica, Pittsburgh, PA). Nikou et. al [10] also illustrated the rationales for
their choices of coordinate systems for pelvis, femur, and prosthetic components
as well as the relations among these coordinate systems.
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& Synchronize Segmentation Recovery Estimation System

Fig. 1. The block diagram of the proposed system

The first step is to acquire tracked ultrasound images of pelvis. Four landmarks
are used to define the coordinate system namely “the maximally anterior left
and right iliac spine points, and the maximally anterior left and right pubis
symphysis points [10]”. Accordingly, the images are collected from the left and
right iliac crest containing the anterior superior iliac spines, and the body of
the pubis containing pubic tubercles. The surface of the bone is segmented out
from ultrasound images using our bone segmentation method introduced in [IT].
The segmentation is based on the appearance of bone surface in ultrasound
images and dynamic programming optimization. The user can discard the images
in which the bone surface cannot be reliably detected. Applying the tracking
information to the segmentation output gives us a number of contours in 3D

space as visualized in Figure

|

(a) Segmentation outcome  (b) Random sampling

Fig. 2. Even distribution of the sample points is achieved by randomly sampling the
results of segmentation of ultrasound images
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The ultrasound images are collected while the transducer is being swept over
the region of interest. Due to nonuniform motion in freehand data collection,
several images could be collected from almost the same area while gaps are
left behind in other parts as visible in Figure In order to achieve evenly
distributed points, the contours are randomly sampled (see Figure . The
samples are not allowed to be closer than 3 mm to each other in order to decrease
the amount of redundant information and speed up the program without loosing
accuracy. Random sampling also removes the possible bias towards a region
where data is densely collected.

The collected sample points are used to instantiate the surface atlas of pelvis.
The atlas of pelvis is a statistical shape model constructed from CT scans of
healthy patients and contains a mean shape of pelvis and several variational
modes. Detailed information about construction of this atlas can be found in
[12]. When the weights for variational modes are recovered, the shape of the
pelvis can simply be retrieved as follows:

m* ’r-i“a777J()-|-Z)\i7ni7 (].)
i=1

where m* represents the exact real location of vertices of the model of pelvis, mg
and m; symbolize the mean shape and ith mode of variation respectively, and
A; represents the weight for the ith mode. The number of modes, n, is set to 15
since that is shown to be enough to accurately reconstruct the pelvis [12]. The
first step to recover the modes weights is to rigidly register the extracted sample
points from ultrasound to the mean shape of the atlas. Initially, the points are
transformed to a close proximity of the corresponding projected points on the
mean shape based on our previous work published in [I3]. This work includes
a full study of sensitivity to initialization error. After the initialization step,
standard ICP is employed to obtain the final registration. The mode weights are
calculated using a mode matching scheme similar to that of [14]. At iteration
t + 1, the current instance of the atlas, m?, is generated having the current
mode weights, \!, using Equation (IJ). The current position of sample points d*
is calculated as d* = F* e d°, where F* and d° represent the current registration
transformation and the initial position of sample points respectively. The closest
points on the surface of current instance to d* is computed and converted to the
barycentric coordinates of the corresponding triangles on the mesh model. Using
the barycentric area coefficients, the mean shape for the closest points, ¢f and
the modes of variation for the closest points, ¢! are computed.

With the assumption of small change in rotation and translation, the updated
registration transformation, F**!, can be estimated as follows:

(I + sk(attl)) e tt

t+1 _
= 0 1

o [, (2)

where att! and et*! are a small rotation vector and a small translation vector

respectively. I + sk(a'™!) estimates a small rotation, where sk() is the 3 x 3
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skew-symmetric matrix. With this linearization, /\2;+1 is determined from the
following system of equations:

sk(a!™)dl + €T — Z Nttt = gb —dt. (3)

!t =
i=1

This linear system is easily solved for a'*!, €1 and A*! in a least squares
sense using QR decomposition. This formulation increases the convergence rate
as the optimization of the mode weights and the transformation parameters are
combined in one step. The stopping criterion is the combination of a minimal
change in the optimization variables or reaching a maximum number of itera-
tions. We employ two mechanisms that suppress the effect of outliers: first, the
large number of acquired images followed by random sampling lowers the per-
centage of outliers; second, in the iteration of the algorithm, the points with high
deviation are excluded.

In order to recover the pelvic coordinate frame, the resulting instance of the
atlas is transformed back into the ultrasound coordinate system. A general pelvic
coordinate system is defined by selecting the four landmarks described earlier on
the “mean shape”. Since the meshes of the mean shape and any instance of the
atlas correspond to each other, the four landmarks are automatically transfered
to the estimated shape. The coordinate system is then computed from these
landmarks as illustrated in [T0].

3 Experiments and Results

The method was initially evaluated using simulation experiments. The two advan-
tages of simulation studies are the availability of a solid ground truth and easily
controllable model and noise parameters. For simulation, an instance of the atlas
was created, and the surface of the model was sampled at the areas of interest.
A randomly generated uniform noise of maximum 2 mm was then added to the
three coordinates of each sample. Afterwards, a small random transformation was
applied to the points with maximum rotation parameters of 5 degrees and maxi-
mum translation parameters of 5 mm. Our method was then used to reconstruct
the pelvis and find the pelvic coordinate system. This experiment was repeated
100 times, yielding sub-mm and sub-degree accuracies reported in Table[Il

Table 1. Estimate errors of the measured anatomical coordinate system (For the
simulation experiment, the average error is reported)

Error of anatomical coordinate system localization

Experiment a (degrees) (B (degrees) v (degrees) x (mm) y (mm) z (mm)

Simulation 0.4 0.1 0.4 0.1 0.4 0.5
Dry Bone 0.8 0.8 0.7 1.9 1.8 0.3
Cadaver one 0.7 0.7 1.0 0.9 2.0 2.3

Cadaver two 1.3 1.4 0.4 1.3 0.4 3.3
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A dry bone experiment and two cadaver experiments were conducted in or-
der to evaluate the accuracy of proposed technique in a realistic scenario that
includes environmental uncertainties. For these experiments, ultrasound images
were collected using SonoSite portable ultrasound system (SonoSite Inc., Both-
ell, WA) with a high frequency transducer. Passive markers were attached to the
transducer and were tracked with a “Polaris” optical tracking system (Northern
Digital Inc., Waterloo, Canada). For calibration, we used the standard cross-
wire technique [I5]. About 500 ultrasound images were rapidly acquired in each
experiment. The whole image acquisition took less than two minutes as the im-
ages were collected with a rate of about 10 frames per second. The dry pelvis
bone was sank in water for collecting ultrasound images. The pixel size of the
ultrasound images was 0.1 mm.

For evaluation purposes, a CT scan of the whole pelvis was also acquired for
each experiment with the slice thickness of 1 mm. The CT scan was composed
of about 260 slices of each 512 by 512 pixel (with the pixel size of 0.7 mm). The
pelvis was segmented in CT images using ANALYZE (Mayo Clinic, Rochester,
Minn.). The marching cubes implementation in VTK was employed to create the
mesh model of the pelvis. A ground truth can then be constructed by finding
the CT-based pelvic coordinate system. Manual selection of landmarks in CT
is pron to user error and subjective. In order to compute the CT-based coordi-
nate system accurately and consistent with its definition in the atlas, the atlas
was registered to the CT scan using a similar registration technique described
in Section 2 (The average errors of this registration for dry bone, first cadaver,
and second cadaver experiments were 1.4, 1.5, and 1.6 mm respectively). The
anatomical coordinate system in the CT volume was transfered to the ultra-
sound coordinate system by registering the ultrasound points to the CT model
(with average errors of 1.1, 1.6 and 1.4 mm for dry bone, first and second ca-
daver experiments, respectively). Despite the presence of registration errors, the
CT-based coordinate is relatively accurate as long as there is no biased error
introduced in the registration and the errors are distributed over a zero mean.

Assuming that the CT model is not available, the proposed method was used
to recover the anatomical coordinate system using only the extracted ultrasound
points and the Atlas. This coordinate system was compared to the CT-based
coordinate system. Table [I] presents the results of comparison of the two coor-
dinate systems for the cadaver experiments. In this table, «, G, and v represent
the angle between the axis of two coordinate system, and x, y, and z show the
error in locating the origin. Figure demonstrates the result of localization of
anatomical coordinate system in first cadaver experiment. The “global” recon-
struction errors is highlighted in Figure As expected, the error is lower for
the regions from which data is collected. The atlas cannot accurately reconstruct
sharp edges resulting at a higher error at the sharp edges. The average global
reconstruction error is 3.3 mm. The back part of pelvis is not compared since in
the CT scan it was not segmented the same fashion as in the atlas. The results
in Table [I] shows that this approach can accurately recover the orientation of
the pelvis. This is because the registration accuracy in the regions of interest is
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(a) (b)

Fig. 3. Localization of the anatomical coordinate system in the first cadaver experi-
ment. a) shows the reconstructed pelvis, the initial position of the extracted ultrasound
points (denoted with dots), the registered position of them (denoted with crosses), and
the calculated coordinate system. b) maps the combines error of reconstruction of pelvis
to gray scale with dark representing higher errors.

high since the sample points are collected from these regions. The main sources
of error are tracking/calibration accuracy and registration errors.

A 3.2 GHz P4 computer with 1 GB of RAM was used for all of the experiments.
The method was implemented in MATLAB with some of the time-consuming
functions written in C as a “mex function”. With this setup, time for localization
of coordinate system from the sample points was about two minutes.

4 Conclusion and Future Work

Our preliminary results show that our ultrasound based approach can localize the
anatomical coordinate system of pelvis with an acceptable accuracy of about 1
degree. This is an inexpensive alternative which eliminates pre-operative CT and
can be used in remote areas where other imaging modalities are not available.
The atlas is shown to be an effective tool that can serve as a source of prior
knowledge about the anatomical structure of the bone. It helps compensate for
the missing data from the regions where ultrasound was not able to image.
Finally, defining the coordinate system on the atlas allows for direct derivation
of patient specific frame of reference from the results of registration.

As a future goal, the proposed method needs to be evaluated in a surgical
scenario with real patients. A clinical trial can further approve reliability and
effectiveness of this approach. For this purpose, the implementation should be
optimized for speed and adjusted to the flow of surgery. It might also be possi-
ble to adapt a similar approach for other orthopedic applications such as knee
replacement for navigation.
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