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ABSTRACT

Objective: To allow non-invasive registration of the bone surface for computer-assisted suxgery
(CAS), this investigation reports the development and evaluation of intraoperative registration using
2D ultrasound (US) images. This approach employs automatic segmentation of the bone surface
reflection from US images tagged with the 3D position to enable the application of CAS to minimally
invasive procedures.

Methods: The US-based registration method was evaluated in comparison to point-based reg-
istration, which is the predominant method in current clinical use. The absolute accuracy of the
US-based registration was determined using a phantom pelvis, with fiducial registration providing
the ground truth. The relative accuracy was determined by an intraoperative study comparing the US
registration to the point-based registration obtained as part of the HipNav™ experimental protocol.

Results: The phantom pelvis study demonstrated equivalent accuracy between point- and US-
based registration under in vitre conditions. In the intraoperative study, the US-based registration
was sufficiently consistent with the point-based registration to warrant larger-scale clinical trials of
this non-invasive registration method.

Conclusion: Ultrasound-based registration eliminates the need for physical contact with the
bone surface as in point-based registration. As a result, non-invasive registration could fully unlock
the potential of computer-assisted surgery, enabling development of the next generation of mini-
mally invasive surgical procedures. Comp Aid Surg 8:1-16 (2003).  ©2003 CAS Journal, IL.C

Key words: ultrasound, non-invasive registration, surgical navigation

INTRODUCTION

Intraoperative registration is one of the key en-
abling steps of computer-assisted surgery (CAS)
The registration determines the precise spatial re-
lationship between the anatomical structures in
the preoperative images and their corresponding
locations within the operative ficld The deter-

mined spatial relationship between the anatomy
and the instruments can then be used to guide the
surgical procedure according to the preoperative
planning " This allows surgical procedures to be
performed not only more accurately but also less
invasively by reducing the amount of dissection or
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exposure necessary for the surgeon to become oti-
ented to the anatomic landmarks. The registration
is often based on the 3D shape of the bone surface
present in the preoperative computed tomogra-
phy (CT) images, since the rigid nature of bone
tissue ensures that it will not deform or change
shape between the time of image acquisition and
the surgical procedure®™ The 3D shape of the
bone surface is segmented from the preoperative
CT image to produce a triangular mesh or surface
model that facilitates intraoperative registration.
The predominant shape-based method of in-
traoperative registration in current clinical use is
point-based registration, which uses a position-
sensing probe to contact the bone surface eithe:
percutaneously (directly puncturing the skin) for
superficial regions or through the surgical incision
for deeper regions. An alternative method is ul-
trasound-based registyation, which is less invasive
in that the sensor does not require direct contact
with the bone surface 12 An ultrasound probe
coupled to a 3D position sensor could provide the
intraoperative registration data for surgical pro-
cedures that involve limited access to the bone
surface, such as arthroscopic procedures.’** In
fact, this facilitates one of the primary advantages
of computet-assisted surgical techniques-the
ability to reduce the amount of surgical exposure
necessary to perform a given procedure 518

Overview of Ultrasound Registration
Ultrasound (US) imaging can provide precise spa-
tial information on the location of the bone sw-
face intraoperatively. This information can be
used to relate the preoperative planning to the
intraoperative surgical actions. Prior to the surgi-
cal procedure, the preoperative plans are devel-
oped based on the surface model constructed
from the preoperative CT scan *'® Registering the
US images to the surface model determines the
intraoperative location of the relevant anatomy,
allowing guidance of the intraoperative actions
from the preoperative plans. To begin this regis-
tration procedure, the approximate position of a
set of superficial anatomic landmarks can be col-
lected without penetrating the skin surface, These
anatomic landmark positions are used to define
the starting point of the registration and also to
specify which region of each US image is most
likely to contain the bone surface reflection !
Once the initial registration estimate has
been defined, a set of 2D US images are obtained.
The intraoperative 3D position sensor (Optotrak,
Northern Digital, Inc., Waterloo, Ontario, Canada)

measures the position and orientation of an opti-
cal tracking target attached to the US probe. To
telate the position and orientation of the position
sensor attached to the US probe to the location of
the US image, a calibration routine is required 1
The location of each US image is measured tela-
tive to a dynamic reference base (DRB) that is
rigidly fixed to the bone. This enables measure-
ment of the location of each 2D US image in
the 3D intraoperative coordinate system (see Fig-
ute 1).

A model of the US image formation process

_ i used to locate the bone surface reflection within

each US image. These regions of the ultrasound
images are used to form a 3D distribution of im-
age intensities which are then registered to the
surface model from the preoperative CT using a
surface-based registration algorithm.* Thus, with-
out directly contacting the bone surface, ultra-
'sound can be used to determine the intraoperative
registration #5134 2 This allows guidance from
the surgical navigation system to supplement the
surgeon’s visual orientation and enable the devel-
opment of less invasive and more accurate surgi-
cal techniques +15°182125

Review of Prior Work

Previously reported research on ultrasound regis-
tration of the bone surface used manual segmen-
tation of the bone surface from each US im-
age.!>* Other applications of US registration us-

Fig. 1. The goal of US registration is to localize a set of
2D 1JS image planes reiative to the surface model of the
pelvis obtained from a preoperative CT.




ing manually extracted surfaces include the
registiation of the cerebral ventricles for intracra-
nial surgical procedures ” 1% An automatic US reg-
istration method was developed for registration of
soft-tissue structures such as the prostate and also
applied to regisiration of the pelvic surface.!® This
method used a watershed-based image-processing
technique to locate the tissue boundaiies in the
US images The primary difference in this
method, as compared to prior work targeted at
the registration of the bone surface, was the use of
an elastic rather than a rigid registration method.
The registration of soft-tissue structures requires
the use of elastic registration techniques that have
additional degrees of fréedom to accommodate
the deformations in shape between the preopera-
tive CT images and the intraoperative US images

The manual segmentation of the bone sur-
face reflection from the ultrasound images during
the operative procedure typically requires an ad-
ditional 20 min of operating room (OR) time.'* In
contrast, the currently used point-based registra-
tion techniques require less than 2 min of OR
time. Thus, antomatic segmentation methods
were deemed necessary for the widespread appli-
cation of US registration. The registration method
presented in this paper eliminates the need to
manually segment bone surface reflection from
the US images. As a result, automatic US 1egis-
tration of the bone surface can now be accom-
plished with OR time requirements that are simi-
lar to curtently used point-based registration
methods.

Physics of Ultrasound Image Formation

Medical ultrasound images, like visible light im-
ages, are produced by the reflection of energy
from the object Cbe”u‘:tg imaged. Ultrasonic imaging
systems transmit brief bursis or pulses of acoustic
energy and record the time delay between the
emission of the energy and the reception of suc-
cessive reflected wave fronts. These pulses con-
tain only a few complete cycles of the US signal,
thus they are short in terms of their length in
space {e g., a 10-MHz signal that spans two full
cycles has an overall length of 0.3 mm). The
amount of energy reflected at the boundary of
tissue types is described by the reflection coeffi-
cient R, where Z, and Z, are the acoustic imped-
ance of the tissue before and after the boundary,

respectively:
23— 7142
e (272) ®
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The depth at which a given reflection occurs can
be calculated from the average speed of ultra-
sound propagation through soft tissues and the
fime lapse until the reception of the reflected en-
ergy, as the approximate propagation velocity for
soft tissue is 1500 m/s ***7 To form the 2D US
image, the magnitude of the reflection is reported
as the image intensity and the fime lapse is re-
ported as the depth or vertical position of the
image intensity on the screen. To maximize the
intensity of the bone surface reflection in the US
image, the US probe is aimed as perpendicular or
normal to the bone suiface as possible to obtain a
specular reflection from the interface between the
bone and the soft tissue.

Bone Shadow Region: Occlusion

Ultrasound images can exhibit the property of oc-
clusion. A large tramsition in acoustic impedance
will reflect the majority of the propagating ultra-
sound energy (ie., the reflection coefficient ap-
proaches 1 if Z, >> Z,) and leave very little US
energy to propagate and image deeper structures.
An area of occlusion in a US image, also called
the shadow 1egion, is typically a region of low
intensity extending from the reflecting boundary *
to the bottom of the image. The transition in
acoustic impedance between the soft tissue and
the bone is so great that this interface essentially
acts as a complete reflector of the propagating US
energy 2*?° Any anatomic structures deeper than
the bone surface are occluded. The presence of
the shadow region behind the bone is one of the
most consistent features of 1S images of the bone
surface (see Figure 2) This is in contrast to the
CT imaging modality, which does not exhibit oc-
clusion sirice it is based on the transmission of
X-1ay energy thiough the tissue (see Figure 3).

Bone Surface Reflection / Angle of Incidence

The reception of the US reflection from the bone
surface is very dependent upon the angle of inci-
dence (i e, the angle between the surface normal
and the US propagation direction) at which the
propagating US energy strikes the tramsition in
acoustic impedance. If the angle of incidence is
nearly zero, most of the energy is reflected back
to the US probe, resulting in a very high-intensity
bone swiface reflection in the US image. As the
angle of incidence increases, the amount of en-
ergy reflected back to the US probe decreases. At
45° or more, the majority of the reflected energy
will not return to the US probe to be detected and
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Fig. 2. Three US images demonstrating the angle of incidence phenomena, Left: medial condyle of the femur. Center:
diaphysis of the femur. Right: iliac wing of the pelvis A much stronger bone surface reflection is obtained in the first and
second images, where the angle of incidence is close to zero, as opposed to the right image, where the angle of incidence is

approximately 45°,

the bone surface reflection will not be visible in
the US image (see Figure 2).26

The true angle of incidence may not always
be apparent in the US image, as the surfaces being
imaged are three-dimensional and the surface
normals could be oriented out of the US imaging
plane To alarge extent, the sutgeon can compen-
sate for these phenomena by using the feedback
from the US monitor and knowledge of the
anatomy to aim the US probe to obtain the maxi-
mal intensity bone surface reflection. ™7

INTENSITY-BASED SURFACE
REGISTRATION METHOD

Ihe physics of ultrasound image formation pre-
dict that the interface between the bone and the
soft tissue in a US image will appear as a high-
intensity bone surface reflection followed by a
low-intensity shadow region that extends to the
bottom of the image (i.c, the region of the image
opposite the US probe}. This property, however,
may not always be valid due to factors such as the
angle of incidence (the US propagation direction
relative to the bone surface normal) and the de-
pendence of the image intensity on the tissue
depth. Therefore, segmentation of the bone sui-
face from the US image is a difficult task if per-
formed using only the information available in the
image itself.

However, combining a spatial prior from the
initial registration estimate with the information

from the US image achieves automatic registra-
tion without manual segmentation. The three
sources of information are the spatial prior based
on a set of anatomic landmarks; the bone surface
reflection indicated by the US image intensity;
and the bone shadow region indicated by a direc-
tional edge detector. Rather than an explicit seg-
mentation of the bone surface as a contour, a set
of 2D regions likely to contain the bone surface
reflection is obtained. During the registration, this
region-based segmentation is refined to retain the
data that is most consistent with the 3D shape of

Fig 3. Axial CT image of the femur showing the interior
margins of the bone as it does not exhibit the phenomena
of occlusion



the surface model, essentially solving the final
segmentation and registration steps simulta-
neously. In this manner, the final decision as to
which pixels represent the bone surface is de-
ferred from the US image processing stage to the
registration stage where additional constiaints are
available. Thus, using multiple sources of infor-
mation avoids the difficulty of segmenting the
bone surface at the US image level This method
combines aspects of intensity-based 1egistration
algorithms, such as correlation and mutual infor-
mation, with surface-based registration algo-
rithms,

Computation of the
Registration Transform

The iterative closest points (ICP) algorithm pro-
vides an efficient method for computing the reg-
istration transform.* The ICP algorithm deter-
mines the optimum rigid registration in terms of a
rotation (R) and translation (I) between the set
of 3D points collected with the intraoperative US
images (measured dataset U, where U = {u,}, the
set of all bone surface pixels in the US images)
and the CT surface model, S. This 1igid transform
has six degrees of freedom; three for 1otation and
three for translation.

The ICP registration algorithm consists of
three steps at each iteration. In the first step, each
313 point u, of the intraoperative measurements
of the bone surface location from the US images
is paired with the closest point on the surface
model, S. The closed-form registration solution
requires a set of corresponding points in the two
coordinate systems to be registered. In place of
the true correspondence, which is unknown a
priori, the Euclidean distance metric is used by
the closest-point operator E to pait each intraop-
erative point ug, to the closest point on the suiface
model. Once the correspondence has been as-
signed using the closest-point opetator, every el-
ement cy, is the closest corresponding point in S to
the pOmt U[j] -

Cr = E(uy,S) (2}

The second step computes the 1egistration update
transform using a closed-form solution for the ab-
solute orientation outlined below. This solution
minimizes the sum of the squared distance be-
tween the paired points:

{R,T}=argmin X, — (R u+ Dl (3)
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The third step is to apply the registration update
transform to the intraoperative points to move
them into a closer alignment with the preopera-
tive points. Typically, after iterating this method,
the residual distance between each pair of points
uy; and ¢, will converge to an error below a pre-
set threshold and terminate the registration pro-
cess. The registration transform associated with
the lowest sum of the 1esidual distances is then
reported as the final registration solution This
registration solution is the spatial relationship be-
tween the CT coordinate system containing the
preoperative plans and the intraoperative coordi-
nate system allowing guidance from the preopera-
tive plans to be applied to the intraoperative ac-
tions.

Closed-Form Least Squares Solution of
Absolute Orientation

The second step above, equation (3), is computed
using the closed-form selution for absclute orien-
tation that was proposed by Horn and later incor-
porated into the ICP registration method by Besl
and McKay.?**! The original derivation of this
solution uses quaternions to represent the rota-
tional component. Quaternions represent rota-
tions in a compact format (i e., four element vec-
tors) and have attractive properties such as the
ease of maintaining an orthonormal basis
throughout the absolute orientation computation.
Rotation can also be represented in terms of the
mote common homogenecus matrix (nine ele-
ment, 3 x 3 matrix), although at the expense of a
more complicated derivation due to the difficulty
of enforcing the orthomotmality of the solution
matiix* In this work, the computation is per-
formed with the quaternion approach and then
the solution is conveited into 2 homogenous ro-
tation matrix format.

The solution for the absolute orientation be-
gins with the formation of the 3 x 3 cross covari-
ance matrix, 3, The mean of the US, 7z, and
C1T, i, points is calculated and represented by a
3 x 1 column vector. The 3 x 3 matrix is then
formed from the summation of the matrix product
of each pair of 3D points from US, &, and CT, ¢,
coordinate systems.

1 N = -+ - >
D= 2 E =A@
1

The 3 x 3 anti-symmetric matrix A is formed from
the cross-covariance matrix (%,.) and the ele-
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ments of Ay are used to form the 3 x 1 column
vector v

Arj = (Zuc - Zt{c)u (5)
v=[{Ay; Ay Apl 6)

Then the matiix Q, a 4 x 4 symmetric matrix, is
formed from the covariance matrix (3, ) and the
column vector v, where t1(} signifies the trace op-
erator of the matrix:

tr '(zuc) v T ] 7
v Zuc + E’gc - IT'(ZHC)I3X3 ( )

The eigenvector decomposition of the matrix Q
yields the optimal rotation between the two point
sets, The eigenvector corresponding to the maxi-
mum eigenvalue of Q is a unit quaternion corre-
sponding to the optimal rotation:

Q(Euc) = [

dr=lg0 a1 ¢ ‘1’3]jr (8)

The quaternion representation of the optimal 10-
tation is then converted to the homogenous ma-
trix representation R and applied to the intraop-
eratively measured points {u;} to bring them closer
to the surface model. The optimal translation be-
tween the two datasets is now simply the vector
defined by the difference between the mean of the
two datasets:

I'=rn. - R(Gg) 7, ©)

Termination of the Registration Process

In this manner, the ICP algorithm registers a set
of intraoperative 3D points to a surface model by
using the closest-point operator to assign the cor-
_ respondence and the closed-form computation of

the absolute orientation to compute the registra-
tion update transform. This process is iterated un-
til one of the termination conditions is satisfied,
The termination conditions are. that the param-
eters of the registration update transform are ajl
less than a preset threshold (ie., the theoretical
accuracy of the registration), or that the incre-
mental decrease of the residual error is less than a
preset threshold. Also, a maximum number of it-
erations is specitied as a termination condition,
although exceeding the maximum iteration limit is
more indicative of registration failure than deter-
mination of a successful solution The ICP algo-
1ithm has been demonstrated to converge to the
correct registration for most 3D objects when a
suitable initial registration estimate is available *°

Incorporating Prior Information into the
ICP Registration

The objective function of the ICP algorithm seeks
to find the rotation and translation that minimize
the sum of the squared distance between the US
bone surface points, U, and the CT surface model,
S. The formulation of the ICP algorithm alows
for a weight to be applied to each of the points
being registered to the surface model. This weight
can incorporate the prior information as to the
likelihood that a given US pixel represents the
location of the bone surface. This prior informa-
tion is composed of three components: the spatial
prior based on the current registration estimate

“(Wig); the intensity prior indicating the bone sur-

face reflection (Wyy1); and the edge prior indicat-
ing the boundary of the bone shadow region
(Wepgr). The composite weight term w; is de-
fined as the product of these terms:

(10)

Wi=Wir " Wint " WEDGE

The product of these three components forms the
weight vector (w;) and represents the likelihood
that a given pixel of the US image represents the
bone surface. This allows the bone surface reflec-
tion region to be segmented from the US image
without making an explicit decision on the loca-
tion of the bone surface. The addition of the
weight function to the ICP registration equation
yields the ultrasound-to-surface-model registra-
tion equation:

(R, T,)=arg min D owille— R u + DIE (11
: &

Characterization of the Three Sources of
Prior Information

Each of the thiee coefficient terms used in the
weights w; considered alone would not be suffi-
ciently reliable to segment the bone surface re-
flection region from the US image. However, the
errors and biases of the three terms differ consid-
erably, and when the combination of three
sources of partial information is used, they enable
automatic segmentation of the bone surface re-
flection region from the US image.!

1. The spatial prior

The first component of the weight vector is the
spatial prior, Wi, based on the approximate lo-
cations of a set of anatomic landmarks identified
by the surgeon. This orienting information pro-
vides an approximate location as to where the




bone surface is located within the uitrasound im-
age. Regions of the ultrasound image that are dis-
tant from the initial estimate of the bone surface
location are unlikely to contain the bone surface
reflection, and are thus excluded from the regis-
tration process.

The computation of the spatial prior Wyg is
based on the repiesentation of the distance from
the bone surface in the CT image volume. The 3D
volumetric representation of the distance from
the bone surface, BD(X), can be computed by
applying the Gaussian kernel at each vozxel of the
CT that has been extracted as the bone surface
during the construction of the surface model 1
The bone surface distance volume is the same size
as the CT and can be computed preoperatively
along with the construction of the surface model.
The spatial prior information corresponding to
each 2D US image is extracted using the current
registration estimate to specify the location of the
US image within the bone surface distance vol-
ume.

BD(X) = D psG(X = X)) (12)

where G is a 3D Gaussian kernel applied at the

3D point &, (¢ = [£, £, £,]), and sigma squared, ¢?,
is the specified variance of the kernel

£2eelel

G() = S e 2 (13)
2m6°

This computation of the 3D spatial prior informa-
tion using the bone surface distance volume can
be approximated by first -extracting a 2D slice
from the original CT volume that corresponds to
the US image in the location specified by the cur-
rent registration estimate. The 2D region of CT
data is then processed to recover the bone surface
that would encounter the propagating US energy.
The CT bone surface is then convolved with a 2D
Gaussian kernel to obtain the spatial prior infor-
mation in a 2D format that can be applied to the
US image. This method does not fully take into
account the 3D shape of the object, and thus is
only an approximation of the spatial prior pro-
vided by the bone surface distance volume
method. The advantage is that it simplifies the
preprocessing stage by eliminating the need to
produce and store the bone surface distance vol-
ume, reducing the memory requirements of the
algorithm.

The size o1 support of the convolution ker-
nel is related to the expected uncertainty of the
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initial registration estimate. Experimental and
simulation studies show that the anatomic land-
marks can be coliected with less than 20 mm e1-
ro1, giving confidence limits on the parameters of
the initial estimate of 20 mm translation and 12°
of rotation for an object the size of an aduli pelvis,
Thus, the size of the bone surface reflection re-
gion is directly 1elated to the expected accuracy of
the initial estimate of the registration. For the ex-
ample shown in Figures 4 and 5, the support of the
convolution kernel was chosen to reflect the
translational uncertainty of the registration esti-
mate, 20 mm. Therefore, the span of the bone
surface reflection region would be approximately
40 mm in the axial direction

The approach described above recalculates
the spatial prior information at each iteration of
the registration using the current registration es-
timate. As the current registzation estimate be-
comes more accurate, the size of the spatial prior
region could be reduced by using only the spatial
prior region that corresponds to a higher isointen-
sity contour, The isointensity level is increased in
proportion to the residual error at each iteration.
However, if the computational resources are lim-
ited, then the bone surface region from the initial
estimate may be used throughout the registration
process rather than being recomputed at each it-
eration. The validity of this approximation is de-
pendent upon the accuracy of the initfal estimate,

Fig. 4. CT image with highlighted rectangular region
corresponding to US image. Duiing registration, the loca-
tion of a given US image within the CT volume can be
computed.
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Fig. 5. Left: CT cross-section correspouding to a given US image Center: Bone surface from CT image. Right: Initial

estimate of bore surface region

2. The intensity prior

The image infensity of the bone surface in the US
image is expected to be a high value due to the
large transition in acoustic impedance between
soft tissue and bone. Therefore, in the absence of
any other information, the pixel intensity of the
ultrasound image can be used to estimate the like-
lihood that a given pixel 1epresents the bone sur-
face reflection. This expectation is valid provided
that the angle of incidence is within appioxi-
mately 20° of the surface normal. The various
phenomena and artifacts of US imaging may
cause many non-bone surface regions of the US
image to have equivalent o1 higher intensity than
the bone surface, Thus, image intensity informa-
tion alone would be insufficient to segment the
bone surface reflection region from the US image.

3. Ihe edge prior

The bone shadow region is one of the most in-
variant features available to locate the bone sur-
face in the US images. The transition between the
bone shadow region and the bone surface reflec-
tion can be located with a directional edge detec-
tor {see Figures 6 and 7). The directional edge
detector propagates upward along each column.
When a pixel intensity higher than an empirically
based bone surface threshold is encountered, that
pixel is set to one and all other pixels in the col-
umn ate set to zeto. This process implicitly as-
sumes that each column of the US image contains
at least one pixel on the bone surface, but this
assumption may not be true for certain viewing

directions. Therefore, the surgeon chooses the
viewing directions so that the bone surface spans
the majority of the US image

To ensure that the edge detector region cap-
tures the entirety of the bone surface reflection,
which typically spans 1-2 mm in the axial direc-
tion of the US image, the directional edge output
is blurred with a Gaussian kernel (sigma = 2
mm). The size of this kernel is relatively large in
comparison to the US pixel size of approximately
025 mm, yet small 1elative to the CT voxel size of
1 mm. The final output of the directional cdge
detector represents the likelihood that a given ul-
trasound pixel represents the bone surface based
on the bone shadow phenomena.

REGISTRATION STUDIES

T'wo experimental studies were conducted to vali-
date the ultrasound registration method. The first
study evaluated the absolute registration accuracy
by using a plastic phantom pelvis and a set of four
fiducial spheres The use of fiducial-based regis-
tration allows precise evaluation of the US-based
registration accuracy. Point-based registration,
the predominant technique in clinical use, was
also performed on the phantom pelvis and its ac-
curacy was compared to that of the US-based reg-
istration under identical conditions and in refer-
ence to the fiducial-based ground-truth registra-
tion.

In the second study, intraoperative US reg-
istration was performed and compared to point-
based registration of the same patient. In the in-
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Fig. 6. The edge priot is applied to the US image to locate the bone surface reflection Left: Original US image Center:
US image after directional edge detection and convolution with Gaussian kernel (sigma = 2 mm). Right: Center image

muHtiplied by left image to select the bone surface reflection.

traoperative setting, fiducials are unavailable to
provide the ground truth. Therefore, the accuracy
of the US registration was assessed relative to
point-based registration. This point-based regis-
tration method has been clinically tested and vali-
dated with the HipNav system on over 150

caseg 1518

Registration of the Phantom Pelvis

A phantom registration study was conducted to
evaluate the absolute accuracy of the US registra-

tion. In this study, fiducial-based registration pro-
vided the ground tiuth or true registration to
evaluate the absolute accuracy. The phantom pel-
vis was submerged in a water transmission me-
dium that served the function of the soft tissues
that are supeificial to the bone in the intra-
operative setting. Four fiducial spheres were fixed
to the pelvis. The location of these fiducials rela-
tive to the Optotrak® camera and in the CT vol-
ume could be accurately determined to provide a
very accurate ground-truth registration to which

Fig.7. The spatial prior is applied to the output of the edge prior to produce the final bone surface reflection region From
left to right: CT regicn corresponding to US image; US image following application of edge prior; spatial prior estimate of
bone surface reflection as specified by anatomic landmark-based initial estimate: and final bone surface reflection region
obtained by multiplication of edge and spatial prior information,
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the US-based registration result could be com-
pared.

For point-based registration. a set of surface
points were collected from the surface of the
phantom pelvis using a point probe in a manner
that is typical for intraoperative registration (see
Figure 8) This allowed the US registration to be
compared directly to the point-based registration
under identical conditions and in 1eference to fi-
ducial-based ground truth, Point-based registra-
tion to a surface model is currently the predomi-
nant method in clinical use {or intraoperative 1eg-
istration. Thus, equivalent accuracy relative to
point-based 1egistration would validate the accu-
racy of US registration.

Experimentdl Set-Up of the
Phantom Registration

In the phantom study, four fiducials were at-
tached to the anatomic pelvis to provide a very
accurate fiducial-based registration to which the
US-based registration could be compared. In the
context of medical image registration, a fiducial is
any object that can be accurately localized in two
different coordinate systems. A set of three or
more fiducials can provide the spatial relationship
or rigid transformation between two 3D coordi-
nate systems. The fiducials used in this study were

aluminum spheres (12.7 mm in diameter). The
physical locations of the four aluminum spheres
were precisely measured on the pelvis model and
in the CT image volume. A CT scan was obtained
of the plastic pelvis including the four fiducial
spheres In the CT scan, the centers of the fiducial
spheres were very accurately localized with soft-
ware that determines the center of each of the
fiducial spheres in the CT image volume. The 3D
location of the sphere center in physical space was
also accurately measored by the optical tracking
system using an optically tracked probe fitted with
a hollow cylindrical tip (inner diameter of the cyl-
inder = 87 mm) calibrated to measure the center
of the spherical fiducial Measuring the location of
these four fiducial spheres in both the CT and the
intraoperative coordinate systems allows compu-
tation of the ground-truth registiation.

The phantom pelvic model was submerged
in water and an optically tracked dynamic refer-
ence base (DRB) was rigidly attached to the iliac
wing with a custom fixation clamp (see Figure 9).
All subsequent 3D position measurements in this
study were collected relative to the DRB. This
compensated for any motion of the pelvic model
dwing data coilection. For the data to be valid,
the DRB must remain rigidly fixed to the pelvis
throughout the data collection procedure. This

(a)

(b)

Fig. 8. US registration to a surface model of the phantom pelvis and point-based registration for comparison. a) US bone
surface reflections are correctly registered to the surface model of the phantom pelvis b) Points collected from intraop-
eratively accessible regions of the pelvic surface are correctly registered to the surface model. In both figures the initial
registration landmarks (obtained by a random perturbation of the fiducial spheres location) are indicated by the three

coordinate axes




Fig. 9. Experimental set-up consisting of a dynamic ref-
erence base in the form of an optical tracker attached to
the iliac wing of the phantom pelvis via a rigid fixation
clamp and the US probe fitted with a calibrated molded
shell and optical tracker to measure the 3D position of the
US image.

was verified by ensuring that the location of the
fiducial spheres 1elative to the DRB was the same
(i.e., within the Optofrak precision of 0.3 mm)
both before and after nitrasound data collection.

The US images were digitized by video cap-
tare off the US machine (Siemens Sonoline El-
egra) and tagged with the respective 3D position
and orientation of the US probe (linear array
transducer, 7.5 mHz). The choice of US machine
shouid not affect the 1esults of the 1egistration
provided that an image of similar quality is ob-
tained from the bone surface. The synchroniza-
tion of the collection of the Optotrak position and
the US image was provided by acquiring the 3D
position first and then immediately capturing the
video image, although some time delay is inevi-
table and this is one possible source of error, To
relate the measured position of the US probe to
the relative position of the US image, the spatial
relationship of the US image plane must be cali-
brated relative to the optical tracker attached to
the US probe.!®3* The accuracy of this calibration
inherently affects the overall US registration ac-
curacy. This calibration was accomplished by re-
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peatedly collecting an image containing a known
point in physical space. The complete details of
this calibration method are described in a sepa-
rate publication '

In contrast to the US images of the patient's
pelvic surface obtained intraoperatively, collect-
ing the US images in a water medinm simplified
the segmentation of the bone suiface reflection.
Collection of US images in a water medium pro-
vides an homogeneous reflection interface at the
bone surface. The lack of artifacts from soft tissue
(e.g., fat and muscle) overlying the bone surface,
such as occur with intracperative US images,
greatly simplified the extraction of the bone sur-
face from the US images of the phantom pelvis.

Using the location of the calibrated US
probe relative to the DRB, these bone surface
reflections were converted to a set of 3D points
and registered to the surface model of the phan-
tom pelvis (see Figure 8) A total of 50 US images
were collected over the iliac wing region of the
pelvis. The anatomic landmaik-based initial reg-
istration was used as the starting point for the
registration process. Ten registration trials were
conducted by selecting a random subset of 20 US
images and registering them to the surface model
derived from the CT.

For purposes of comparing US-based regis-
tration to point-based registration, 100 points
were collected with the 3D position-sensing probe
from the surgically accessible 1egions of the pelvic
bone surface Ten i1egistiation trials were con-
ducted by choosing a random subset of 46 surface
points (the typical number used for intraoperative
registration) and registering them to the surface
model of the phantom pelvis. The absolute accu-
racy of the point-based registration was evaluated
in comparison to the fiducial-based registzation.
The accuracy of US registration relative to that of
the well-established point-based registration was
then obtained using the fiducial-based registration
to provide an objective basis for comparison.

Resulis of the Phantom Registration

The registration results in Table 1 demonstrate
the ability of ultrasound registration to accurately
determine the location of the phantom pelvis with
an average error of less than 0.5 mm of translation
and 0.5° of rotation in each axis. The location
results are given in terms of six registration pa-
rameters (three for translation and three for ro-
tation). Over the set of ten US registration trials,
the maximum registration error, as compared to
the fiducial-based ground tiuth, was less than 1




12 Amin ef al : Ultrgsound Registration of Bone Surface

Table 1.

Phantom Pelvis Registration Study Results: Maximum and RMS Error for US- and

Point-Based Registration of the Phantom Pelvis Relative to Fiducial-Based Registration

Translational error

Rotational error

(for each axis in mm) {for each axis in °) Avg. trans. Avg. rot.
I, I, T, R, R, R, T R
US-based Maximom error 029 631 0.76 022 104 0206 045 042
RMS error 064 021 032 010 054 015 0.39 026
Point-based Maximum error 019 111 111 042 0635 044 0380 030
RMS error 0.10 0.64 0.55 0.24 0.37 0.28 0.43 0.29

mm and less than 2° in each axis. In fact, out of ten
trials, only one had a rotational error greater than
1°. The results for the point-based registration
were similar, with less than 2 mm and 1° in each
axis.

DISCUSSION

The US- and point-based 1egistiation methods
demonstrated very similar accuracy in comparison
to the fiducial-based registration ground truth.
The conclusion from these results is that, under
controlled conditions, the accuracy of the US-
based registration is equivalent to the point-based
registration method. Successful registration of the
phantom pelvis demonstrated the ability of the
ultrasound-based registration method to deter-
mine the location of a 3D object using data from
the calibrated US probe. This validated the con-
cept of non-invasive registration and demon-
strated its potential for intraoperative registra-
tion.

The benefit of US-based registration is that
it maintains the accuracy of point-based registra-
tion while enabling non-invasive surface-based
registration. This allows increased access to the
bone surface for the collection of registration in-
formation, whereas point-based registration is re-
stricted to collecting registration data through the
surgical incision or percutancously for superficial
regions of the bone surface.

Intraoperative Registration

The accuracy of US-based registration was evalu-
ated in comparison to a clinically validated point-
based registration method under intraoperative
conditions. Ultrasound images were collected
from a patient under sterile conditions after the
placement of a DRB on the iliac wing of the pa-
tient’s pelvis to establish the intraoperative coor-
dinate system (see Figures 10 and 11). The point-
based registration was performed as part of the
standard HipNav™ protocol and used to deter-
mine the relative accuracy of US regisiration,

since fiducial-based registration was unavailable
intraoperatively.

Experimental Setup of the

Intraoperative Registration

The experimental protocol describing the use of
intraoperative ultrasound was submitted and ap-
proved by the institutional review board of
UPMC Shadyside Hospital. A patient scheduled
tor total hip replacement was selected, and con-
sent for the use of intraoperative US was obtained
in conjunction with the standard consent for the
HipNav™ protocol.! To begin the procedure, the
patient was prepared and draped for hip 1eplace-
ment surgery. In accordance with standard
HipNav™ protocol, the DRB was attached to the
iliac wing with a custom fixation clamp.’>® Once
the DRB was placed, three initial registration land-
mark points were collected, then 100 US images

Fig. 10. Results of intraoperative point-based registra-
tion: the 3D points collscted from the pelvic bone surface
are registered to the patient-specific surface model from
the preoperative CT.
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(a)

(b}

Fig. 11. Intracperative US bone surface reflection regions shown before (a) and after (b} registration to the surface model

of the patient’s pelvis

of the pelvic bone surface were collected by the
surgeon using sterile procedure. There is a certain
amount of training and familiarity required for
the successful implementation of any new tech-
nology, but in the case of obtaining US images of
the bone suiface the learning process is rapid,
since visnal feedback is immediately available.
The surgeon aimed the US probe approximately
normal or perpendicular to the bone surface to
obtain a strong bone suiface reflection prior to
collecting each US image The probe is positioned
such that the bone surface reflection spans the
majority of the image to maximize the yield of
each image collected. The real-time nature of US
imaging pirovides immediate visual feedback to
the surgeon to confirm that the probe is aimed ap-
propriately piior to the collection of each image.

Ultrasound images were collected predomi-
nantly over the iliac crest region, with a few im-
ages of the ischial tuberosity and sciatic notch ar-
eas. The total OR time required to collect 100 US
images of the bone surface was appioximately 15
min. For routine US registration, 30 1S images
would be sufficient, requiring less than 5 min of
OR time for data collection. The US probe was
then removed from the sterile operating field and
the surgical procedure continued according to the
standard HipNav™ protocol.

The US registration trials were performed
following the completion of the operation In each

registration trial, 30 US images were selected at
random from the original 100 images and regis-
tered to the surface model of the patient’s peivis.
A set of 10 1egistration trials were conducted by
choosing a different subset of 30 images for each
trial. In the intraoperative study, fiducials were
not available to provide the ground truth. There-
fore, the point-based 1egistration from the
HipNav™ protocol was used as the ground truth
to which the results of the US-based registration
trials were compared.

Results of the Intraoperative Registration
Over the 10 registration trials, the maximum dif-
ference in translation between US-based registra-
tion and point-based 1egistiation was 2.07 mm,
with a maximum rotational difference of 1.58 de-
grees (see Table 2). The computation time of the
US-based 1egistration solution was approximately
90 s for US-based registration and 10 s for point-
based 1egistration {on an SGI Octane worksta-
tion)

Discussion

The accuracy of the intraoperative ultrasound-
based registration method was demonstrated to
be comparable to that of point registration (within
3 mm and 2°) over a series of ten registration
trials. The effect of the learning curve on the col-
lection of intraoperative US images must be taken
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Table 2, Intraoperative US Registration Study Results: Maximum and RMS Error for US-Based
Registration Relative to Intraoperative Point-Based Registration '

Translational error

Rotationai error

{for each axis in mm) (for each axis in ©) Avg. trans. Avg. rot.
T, T, I, R, R, R, T R
US-based Maximum error 198 176 206 158 072 039 194 090
RMS error 1.24 0.99 1.59 1.10 0.45 021 127 0.59

into account. As surgeons gain more experience
with collecting US images intraoperatively, the
overall accuracy of the registration solution would
be expected to increase and become mote consis-
tent across individual patients. The comparabie
accuracy of US registration relative to point-
based registration demonstiated by these results
validates the use of ultrasound registiation for less
invasive applications of computer-assisted surgery.

CONCLUSION

Registration methods that utilize intraoperative
imaging modalities often depend on segmentation
of anatomic structures within the intraoperative
images. The various noise, artifacts, and imaging
phenomena of ultrasound make 1eliable segmen-
tation of the bone surface difficult The solution
to this problem presented in this article avoids
explicit segmentation of the bone surface at the
image level, and instead combines three sources
of information to perform a region-based extrac-
tion of the bone surface reflection. The final seg-
mentation process is performed during the regis-
tration process: As the registration estimate con-
verges to the solution, the 3D shape of the object
is used to drive the final segmentation process.

Several surgical procedures, such as the per-
cutanecus placement of ilio-sacral screws for the
treatment of pelvic ring fractures, would be excel-
lent candidates for the clinical application of this
non-invasive registiation method.’*'* However,
the ultimate benefit of this work may be realized
through its application to more common mini-
mally invasive orthopedic procedures such as ar-
throscopic anterior cruciate ligament 1epair.
These procedures make the use of point-based
registration difficult or even impossible due to the
limited surgical access to the bone surface, and
are currently dependent on fiducial-based regis-
tration methods that require an additional im-
plantation procedure prior to the acquisition of
the preoperative CT scan,

The registration method described here is
based on ultrasound imaging that is widely avail-

able in most hospitals and is often used for diag-
nosis and guidance in the OR. The advent of ul-
trasound registration will reduce the invasiveness
of current computer-assisted surgical techniques
and ultimately enable surgeons and researchers to
develop novel surgical procedures to treat a vari-
ety of debilitating conditions
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