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Abstract—Assessment of hone healing on radiographs depends on the volume and radio-opacity of callus at the
healing site, but is not necessarily objective, and there are differences of judgment among observers. To overcome
this disadvantage, a clinical system was developed to quantify the stiffness of healing fractures of the tibia in
patients by the echo tracking (ET) method in a manner similar to a three-point bending test. The purpose of this
study was to ensure that the ET system could clinically assess the progress, delay or arrest of healing. The fibular
head and the lateral malleolus were supported. A 7.5-MHz ultrasound probe was placed on the proximal and
distal fragments and a load of 25 N was applied. Five tracking points were set along the long axis of the
ultrasound probe at intervals of 10 mm. With a multiple ET system, two prohes measured the displacement of
five tracking peints on each of the proximal and distal fragments of the tibia, thereby detecting the bending of
the two fragments generated by the load. ET angle was defined as the sum of the inclinations of the proximal and
distal fragments. Eight tibial fractures in seven patients treated by a cast or internal fixation were measured over
time. In patients with radiographically normal healing, the bending angle decreased exponentially over time.
However, in patients with nonunion, the angle remained the saume over time. It was demonstrated that the ET
method could be clinically applicable to evaluate fracture healing as a versatile, quantitative and noninvasive

technique. (E-mail: ohnishii-dis@h.u-tokyo.ac.jp) © 2008 World Federation for Ultrasound in Medicine &
Biology.
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INTRODUCTION

The most important issue in assessment of fracture heal-
ing is to obtain information about restoration of the
mechanical integrity of the bone. In clinical practice.
fracture healing is usually judged from serial radio-
graphs. Assessment of bone healing on radiographs de-
pends on the volume and radio-opacity of callus at the
healing site. but is not necessarily objective, and there
are differences of judgment among observers. In addi-
lion. radiographs cannot evaluate (racture site strength.
In these respects, assessment of fracture healing by using
radiographs is far from ideal. ’

The stated disadvantages of radiography for assess-
ment of fracture healing have been pointed ol in recent
years, and various other methods of assessment have
been developed. Jernberger (1970) devised an invasive
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method for measuring the bending stiffness of healing
fractures of the tibia. With his method, the proximal and
distal bone fragments were fixed by screws that were
connected to a specially designed beam, and a load was
applied through a screw at the center of the fixing screws.
The method was based on the principle governing the
bending of two beams connected at the ends and sub-
jected to a bending force applied at the midpoint. Burny
et al. (1984) developed a method that used a strain gauge
attached to a fixator shaft. With their method, the strain
gauge readings were monitored over time during weight
bearing, and the pattern of fracture healing was classified
into seven categories (such as normal, delayed, arrested,
efc.). Assessment using acoustic emission (AE) was de-
veloped by Nicholls and Berg (1981), who detected
acoustic pulses generated by microscopic failure of the
bone under loading. The investigation by Watanabe et al.
(2001) revealed that AE signals occurred with the yield-
ing of callus. However, the strain gauge method and the
AE method have the disadvantage that both are limited to
patients with external fixation, and both require the in-
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Fig. 1. The target tissue may move closer to or away from an

ultrasonic probe over the distance AZ during a pulse repetition

time of ultrasonic waves (T). causing phase delay of the RF

echo signal (At). The ET method measures the extent of this

displacement by tracking the initialized phase pattern of the
echo signal.

sertion of screw pins or wires. For these reasons, such
methods have not been widely used and a new method is
needed ‘that is both noninvasive and widely applicable.

To overcome such limitations, we developed a new
method for the noninvasive and quantitative assessment of
fracture healing. Bone always undergoes deformation in

response to an applied load. By quantitatively measuring

this deformation. it is possible to assess the mechanical
properties of bone and thereby estimate the strength of a
fracture site. In this study. we attempted Lo noninvasively
assess the bending stiffness of the healing fracture sites atter
applying a load. To measure hending stiffness, we focused
on ulrasound because it is noninvasive. Precise measurc-
ment of the displacement of a specific point can be done by
the echo tracking (ET) method. This method is a technique
for measuring minute displacement of a certain point on a
tissue by detecting a wave pattem in the radiofrequency
(RF) echo signal reflected from the target tissue (Fig. 1)
(Hokanson et al. 1972). To-apply this technique for detec-
tion of bone deformation, we improved it so that displace-
ment could be measured with an accuracy of 2.6 pm
(Matsuyama et al. 2006). We also developed a multi-ET
system that was able to simultaneously track dynamic
movement at multiple points on the bone surface. In our
previous study of the three-point bending test using a por-
cine tibia, the strain gauge readings and the data from the
multi-ET system showed an almost pertect linear correla-
tion with the load (r = 0.998). These results indicated the
possibility of using the echo tracking method to detect bone
surface deformation.

The purpose of this study was to determine whether
our newly developed ET system could clinically assess
the progress, delay or arrest of healing by detecting the
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Abending stiffness at the fracture healing site. Fracture

healing was evaluated- in patients with tibia fracture -
treated by a cast or internal fixation.

METHODS

A clinical system was developed to quantify the stiff-
ness of healing fractures of the tibia in patients by the ET
method in a similar manner to a three-point bending test.
Five tracking points were set along the long axis of the
ultrasound probe at intervals of 10 mm. With a multiple ET
system, two probes measured the displacement of five
tracking points on each of the proximal and distal fragments
of the tibia, thereby detecting the bending of the two frag-
ments generated by the load. ET angle was defined as the
sum of the inclinations of the proximal and distal fragments
(Fig. 2). When callus was weak in the initial stage of
healing, the tracked points were almost in a straight line and
the inclination of the two fragments was calculated directly.
However, when the callus was more rigid in the late stage
of healing, the line connecting the points was curved and
the inclination was obtained from the slope of the linear
regression equation for the displacement of the points.

Before clinical application of this method, its accu-
racy was evaluated by measuring the inclination of the
metal flat panel.

Measurement of the accuracy of ET angle using an
inclined flat metal panel

A flat stainless steel (SUS 420J) panel (length 270
mm, width 60 mm, thickness 5 mm) was used, which had
a parallel accuracy and flatness variation of <2 pum. One
end of the panel was attached to a magnet stand (DG,
Noga Japan Ltd, Saitama, Japan), and the other side was

_attached to a goniometer (X13-001, Tsukumo Co. Ltd,

Saitama, Japan) fixed to another magnet stand. Then, the
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Fig. 2. Probes are set on each of the proximal and distal

fragments of the tibia to detect the bending of the two frag-

ments generated by a load. The ET angle is defined as the sum
of the inclination of both [ragments.
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Fig. 3. The accuracy of the ET measurement was evaluated by
measuring the inclination of the flat metal panel simultaneously

using a 3-D measuring device. (A) 3-D measuring device: (B)

7.5-M Hz linear ultrasound probe.

metal panel was inclined by increasing the height of the
conjometer stand. A 7.5-M Hz linear ultrasound probe
(UST-5710-7.5. Aloka Co. Lid.. Tokyo) was set at a
distance of 20 mm from the panel 1o measure the changes
of displacement of each of five points on the panel (Fig.
3). Using these data, the ET angle of the panel was
calculated. At the same time, the inclination of the panel
was accurately measured using a 3-D measuring device
(AEI112, Mitsutoyo, Kanagawa, Japan) with an accuracy
of 1 um. The panel was inclined by elevating the sliding
mechanism of the stand by 0.4 mm and the inclination of
the panel was measured 5 times, after which the mean
and standard deviation were calculated. Accuracy was
evaluated by calculating the standard deviation of the
difference between the ET angle and the inclination
measured by the 3-D measuring device in each of the
measurement trials.

Clinical measurement of fracture site bending stiffness
Eight tibial fractures in seven patients with an av-
erage age of 37 y (range 24-69 y) were measured (Table

[V

1). Two fractures of two patients were treated conserva-
tively with a cast, and six fractures of five patients were
treated by internal fixation (locked intramedullary nail-
ing in 4, plating in 1 and screws in 1). The average
measurement period was 40.8 wk (21-60 wk), and the
average number of measurements was 7.5 (5-11).
Patients assumed the supine position with both
knees extended, and the affected leg was held horizontal
with the antero-medial aspect of the tibia upwards. The
fibular head and the lateral malleolus were supported and
held tight by a Vacufix (Muranaka Medical Instrument
Co., Ltd., Osaka, Japan) to avoid rotation of the leg
during loading trials. Before measurement, B-mode im-
ages of the short axis of the proximal and distal frag-
ments of the tibia were obiained to identify the center in
both directions. By connecting both of the centers, the
anatomical axis of the tibia was identified. A 7.5-MHz
ultrasound probe was placed on the antero-medial aspect
of each of the proximal and distal fragments in the long
axis. Each probe was equipped with a multi-ET system
with five tracking points at 10-mm intervals. The probes
were set vertically on the skin of the leg and held tight
with an articulated holder (DG61003, Noga Japan Ltd.,
Saitama, Japan). A load of 25 N was applied at a rate of
5 N/s and then reduced to O N at the same rate using a

-force gauge (DNP, Imada, Osaka, Japan) parallel to the
'direction of the probe at the most distal part of the

proximal fragment adjacent to the fracture site (Fig. 4).
For the initial measurement obtained in each patient, the
loading point was set right on the long axis near the

" fracture site using a B-mode image as a guide. With this

setup, the tibia was bent in the same way as for a
three-point bending test in the direction of the ultrasound
beam. In patients with oblique or spiral fractures, the
loading point and the tracking points were set so that
they did not cover the fracture site. In patients with a
bone graft at the fracture site, the loading point was set
on the graft, but the probes were placed so as not to cover
it. In the patient with a plate, both the proximal and distal
probes were set on the plate surface to measure bending
of the plate. Using the multi-ET system, the probes

Table 1. Clinical cases of the tibial {racture

Measurement period Radiographic

Case Gender Age Limb Treatment [racture healing (Initial-final) finding
! I 24 L Casting 447 wk Normai
2 M 29 R Casting 7-28 wk Normal
2 M 2 R Bone grafting 8-27 mo Normal
4 M 3 R Nailing 430wk Normal
s F 57 R Nailing 5-10mo Normal
6 13 hY) L Nailing G~-10 mo Normal
7 I 26 R Nailing Sy 2mo-3y 7Tmo Nonunion
8 M 69 R Plating V-45 wk Delayed
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Linear Probe

Supporter (Vacufix)

Fig. 4. The affected leg of a patient was held horizontal with the

antero-medial aspect of the tibia upwards. The fibular head and-

the lateral maileolus were supported and held tight by a Vacu-

fix. The probes were set vertically on the skin of the leg and

held tight with an articulated arm. A load was applied using a
force gauge parallel to the direction of the probe.

detected the angle between the proximal and distal frag- '

ments generated by the load. Measurement was repeated
five times, and the mean and the standard deviation of the
ET angle were calculated.

Fracture healing was assessed at intervals of two or
three weeks until radiographic union or arest of healing

- occuired. In each patient, the decrease of the ET angle was

statistically examined Lo determine whether it decreased
exponentially and whether the decrease was significant. To
evaluate the changes of the ET angle over time. exponential
regression analysis was performed. and the curve of the ET
angle vs. time relation was drawn. Differences were con-
sidered significant when (he p value was less than .05,

To investigate the influence of the position of the
probes and the patient on the results. the precision of the
method was evaluated by repeated measurement of the
ET angle in a patient with a diaphyseal Jracture of the
tibia reated by a cast (case 2). In addition. the lincarity
ol the relation between the load and the ET angle was
assessed by incrementally increasing the load from 10 1o
30 N. The ultrasound device (SSD 1000, Aloka Co. Lid.)
used in this investigation is used clinically and its safety
has been established. The protocol of this investigation
was approved by the ethics commitiee of The University
of Tokyo Hospital. and the patients were enrolled after
informed consent was obtained.
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RESULTS

Accuracy of ET angle measurement for a flat metal panel

Measurement of the inclination of the flat metal
panel showed that the average inclination was 0.117°
and the standard deviation was 0.002°. The average
inclination obtained with the 3-D measuring. device
was 0.116°, with a standard deviation of 0.003°. The
standard deviation of the differences between the data
obtained by the ET method and by the 3-D measuring
device was 0.002°.

Clinical measurement of fracture site bending stiffness

The average time required for measurement was
17 min (range 15-20 min). At each loading trial. none
of the patients complained of pain and there were no
complications related Lo measurement.

The precision of this method was evaluated by
repeating measurement of case 2 (treated with a cast),
with repositioning of the leg and the ultrasound -
probes. The mean and standard deviation of the ET
angle were 0.316 = 0.015, and the coefficient of
variation was calculated to be 4.6%. The linearity of
the relation hetween (he load and the hending angle
was very high. with a correlation coefficient of 0.997.

Cases preseniation

Case 1: A 24-yeur-old-woman treated with a cast.
The patient sustained a spiral fracture of the proximal

~diaphysis of the tibia in a traffic accident. and a patella

tendon bearing brace cast was applied. Healing was
assessed by the ET method. as well as radiographs a
tal of 11 times from 4 weeks 1o 47 weeks after
tracture. The fracture line became opaque and the
callus volume increased from 4 weeks to 19 weeks,
but after 26 weeks there was almost no change of
the thickness of the callus. On the other hand. mea-
surement showed that the ET angle was about 17 at
4 weeks, and that it decreased exponentially (y =
1.40e™ %19 1 = _0.975. p < 0.0001). The ET angles
of both cases 1 and 2 wreated with a cast decreased
exponentially over time and they reached the level of
the intact side by 22 weeks (Fig. 3a, b).

Case 7: A 26-vear-old-woman with a fracture of the

-diaphvsis of the tibia treated by a locked intramedullary

nailing. ET measurement was performed five limes
from S5y 2 moto 6y 7 mo after fracture. Her X-ray
films showed hypertrophic nonunion, but judgment
whether healing was proceeding was extremely diffi-
cult. ET measurement showed that there was no sig-
nificant decrease of the angle over a period of 1 y and
5 mo (y = 0.264e%%%\ r = 0.238, p = 0.700) (Fig.
6a, b).
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Fig. 5. (a) Time sequential change of the tracture site X-ray from 4 weeks (o 32 weeks afler fracture in case | treated
with casting. The fracture site healed normally. (b) [n the same patienl. the ET angle was plotted. The ET angles
decreased exponentially over time.

Cuse 8: A 6Y-vear-old-man with a long oblique
Sracture treqied with a plate. 1lis X-ray tilms showed a
fong oblique fracture line extending for almost 80 mm.
Measurement was performed 10 times {rom 9 weeks o
45 weeks after fracture. during which period almost no
change of the fraciure site or callus was recognized on
X-ray films. The T method measured the bending
angle of the plate. The change was very slow. but the
angle decreased significantly from .28 10 0.2 degrees.
and then finally declined to 0.1 degree. The overall
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change showed an exponential curve (y = 0.40e" "

r = -0.895. p = 0.0005) (Fig. 7a, b). In patients with
radiographically normal healing, the bending angle
decreased exponentially over time (Fig. 8). However,
in patients with nonunion, the angle remained the
same over time. :

DISCUSSION
Our method allows noninvasive assessment of
bending stiffness at the healing site. so it can be appli-
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Fig. 6. ta) Time sequential change of the fracture site X-ray from 5y 4 mo to 6 y 7 mo after fracture in case 7. treated

with intramedullary nailing. The X-ray filins showed hypertrophic nonunion. but judgiment of whether healing was

proceeding was extremely difficult. (b) In case 7. the IIT angle showed no change over (ime and the regression lines
’ showed no significant decrease.

cable to patients treated conservatively as well as those
managed by surgical intervention with plaiing or in-
ramedullary nailing,

[ this study. the precision and reproducibility of the
method were evaluated. The precision of measuring dis-
placement by using the echo tracking system specially
designed for bone surface measurement has already heen
assessed. and a precision of 2.6 p was demonstrated in
our previous study. However. the precision of measuring
the bending angle has not been investigated before. We
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obiained a precision of 0.002%, which was thought to he
adequate based on the results of the study by Mooreroft
et al. (2001) that evaluated fracture healing. They used
the three-point bending test to generate angles of 0.4 to
1.0° in an in-vivo measurement trial and connected a

‘goniometer to the bone fragment via screw pins fixed to

a side bar of the external fixator to detect bending at the
fracture site.

When estimation of the linearity of measurement
was done in relation to the load, there was excellent
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Fig. 7. (a) The X-ray films of case 8. treated with plating. No change of the fracture site or callus was recognized on
X-ray films. (b) The ET method measured the bending angle of the plate. The change was very slow. but the angle
decreased significantly from 0.28 0 0.2, and then finally declined to 0.1°,

linearity between magnitude of the load and the ET angle
(r = 0.997). indicating that elastic deformation of the
fracture site had occurred under a load range of 10 to 30
N. Therefore. measurement was shown to be noninvasive
as well as safe. without causing any residual deformity.

Reproducibility of the measurement method was esti-
mated to be 0.015°, which was adequate to evaluate fracture
healing quantitatively. because the angle ranged (rom
around 1* in the initial stage to about 0.1” in the final stage
when it was almost equivalent o that of the intact tibia.
However. we have to improve the reproducibility of mea-
surement i vivo. The faclors affecting reproducibility in
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vive include the position of the leg. loading direction and
positions of the probes. Amoug these. the positioning or
fixation of the leg seems 1o have the most influence on the
reproducibility of measurement, '

For clinical evaluation of fracwure healing, data ob-
tained by the ET method were compared with X-ray
lindings over time. In patients with delayed healing or
nonunion. judgment of the healing process using X-ray
lilms was difficult hecause the direction and conditions
of obtaining images were not exactly the same every

_time, so the lindiugs were not reproducible. In contrast.
the echo racking method evaluated -fracture stiftness
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Fig. 8. In cases | through 6. the changes of the I=T angle showed an exponential pattern. The correlation coefficients
abtained by the regression equation for the ET angle and time were very high in these cases.

with considerable accuracy. sensitivity and repmducitiill
ity. . )
In patients with radiographically normal healing.
the bending angle decreased exponentially over time.
However, in patients with nonunion. the angle remained
the same over time. According to the results obtained
with previous methods such as the swrain gauge method
and the invasive method of Jemberger (1970), strain or

deformation caused by loading at the healing site has.

been reported to diminish exponentially over time in
patients with normal healing. Among these previous
studies, Bourgois and Bumy (1972) evaluated fracture
healing in hundreds of patients treated with an external
fixator that was instrumented with a strain gauge. They
not only accumulated considerable clinical data on the
strain readings over time, but also theoretically proved
by mathematical simulation that the change of the strain
over time during normal healing could be expressed as a
typical hyperbolic curve. In addition to this, they proved
that the time course of the change in strain could also be
a hyperbolic curve by developing fracture simulation
models with stabilization by intramedullary nailing, plat-
ing and external fixation. As a result, their clinical data
were compatible with those for the theoretical model of
external fixation. They classified the pattern of fracture
healing into seven categories depending on the differ-
ence in the healing process. Among them, normal heal-
ing was defined as healing in which the strain reading vs.
time curve reaches a plateau at 60 to 90 d after fracture.
Slow healing was defined as healing in which the decline
of strain. was very slow compared with the normal pat-
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tern but the healing process was progressive over time.
Nonunion was defined as cessation of the progress of
healing. In two patients treated with a cast in our study,
the ET angle decreased rapidly until 10 weeks after
fracture to a level twice that on the intact side, and then
it decreased slowly. The exponential regression curve for
the echo tracking angle vs. time showed a very strong
correlation (case 1, r = -~0.975). Therefore, it can be
concluded that the echo tracking method could be used to
evaluate normal healing as proposed by Burny et al.
(1984). As shown in Fig. 5, the progress of healing in
patients treated with intramedullary nailing and bone
grafting could be assessed by using the ET method. The
ET angle vs. time relation in these cases was also ex-
pressed by exponential curves. However, the ET angle
curve of patient 7 (Fig. 6b) did not show any significant
decrease of the angle and there was no correlation be-
tween the ET angle and time. From this, the healing
process was diagnosed as nonunion. The ET angle of
patient 8, treated with plating, showed an extremely slow
decrease over time from 9 weeks to 33 weeks, but
reduction of the angle was statistically significant until
45 weeks, so the healing process was concluded to be
delayed. . ‘

Fracture site stiffness was adopted as a parameter
for evaluation that was thought to be correlated with
strength of bone healing. In various earlier studies of
fracture site mechanical properties, stiffness was mea-
sured to estimate the strength of the fraciure site. How-
ever, stiffness is not necessarily correlated with strength.
Chehade et al. (1997) investigated this relationship in 24
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sheep. The tibia was stabilized with an external fixator
and then osteotomy was done. Next. the tibiae were
excised at 6. 8 and 10 wk afier osteotomy and a 4-point
bending test was done. As aresult, in the initial stage of
healing. stiffness showed a strong correlation with
strength (r = 0.89), but there was no correlation between
them in the remodeling stage. However, as Chehade et al.
(1997) stated, because the stiffness of the fracture site is
strongly correlated with the strength until remodeling is
initiated, it is clinically significant to monitor fracture
site stiffness as a substitute for strength to determine the
appropriate level of weight bearing so that patients can
avoid refracture because of overloading the fracture site
during postoperative management. In the remodeling
stage, we need to pay special attention to the relationship
between stiffness and strength, even if stiffness reached
the same value as the intact side.

Fracture healing was evaluated quantitatively by the
echo tracking method in patients treated conservatively
as well as by internal fixation. All previous methods of
assessment could only be applied to patients treated with
an external fixator that required the insertion of wires or
screw pins, and none of the methods could achieve
evaluation in a totally noninvasive manner. The potential
problem with evaluating patients treated with internal
osteosynthetic devices such as intramedullary nails or
plates is that the stiffness at the fracture site is the sum of
stiffness for both the healing fracture and.the implant.
The stitfness of the implant is very high compared with
that of the healing fracture because it is made of a metal
such as stainless steel or titanium-aluminum-vanadium
alloy. Therefore, the combined stiffness at the fracture
site is usually very high compared with that in patients
receiving conservative treatment by casting. In such pa-
tients with internal osteosynthetic devices, comparison of
stiffness with the intact side does not have any meaning
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for evaluation of fracture healing. Therefore, we have to
be careful with interpretation of the changes of stiffness
over time in such cases. How the implanted material and
the configuration of stabilization affect fracture site stiff-
ness should be investigated in the future so that we can
assess fracture healing more precisely in patients with
internal fixation.

In conclusion, it was demonstrated that the echo
tracking method could be clinically applicable to evalu-
ate fracture healing as a versatile, quantitative and non-
invasive technique. Further development of this method
should be performed so that it can be applied to other
anatomnical sites by improving accuracy and precision.
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A Clinical Data logging system of Direct fracture reduction.
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Abstract: Clinical data quantification of a fracture reduction has become important as the development of new fracture reduction
technology such as navigation and robot assisted fracture reduction. A reduction force and a reduction path are the key points in
considering the control and safety of these new reduction methods. We have developed a clinical data logging system(CDLS) of
direct fracture reduction, which reduces using ring-frame connected bone fragment directly. The CDLS synchronously records the
reduction force, the reduction path and two video signals. One records the images from C-arm and the other records whole surgery

process. This paper introduces the structure of CLDS and the resultants of application to fracture model.
Key words: Clinical data, Fracture reduction, Reduction force, Reduction path.
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Abstract

This paper presents the design and implementation of a
parallel two-dimensional/three-dimensional (2-D/3-D) im-
age registration method for computer-assisted surgery. Our
method exploits data and speculative parallelism, aiming
at making computation time short enough to carry out reg-
istration tasks during surgery. Qur experiments show that
exploiting both paralilelisms reduces computation time on a
cluster of 64 PCs from a few tens of minutes to less than a
- few tens of seconds. ' :

1. Introduction

Image registration is a technique for finding point corre-
spondences between two different images taken usually at
different times, from different viewing points, and/or in dif-
ferent modalities. This technique plays an increasingly im-
portant role in surgery. For example, registration of preoper-
ative images o intraoperative images is essential to perform
image-guided and robot-assisted surgery [6), which mini-
mizes surgical complications for better surgical outcomes.
~ For this purpose, many researchers have tackled the
problem of 2-D/3-D registration [1], which estimates the
location and orientation of a 3-D volume with respect to
the patient coordinate system using one or more 2-D pro-
jected images. The reason why aligning a 3-D volume to
2-I) images is due to the limitations of current 3-D imaging
systems, such as computed tomography (CT) scans, which
have more spatial information but require more acquisition
lime and radiation exposure, as compared with 2-D imag-
ing systems. Due to these limitations, the intraoperative
data is usually 2-D X-ray fluoroscopy or ultrasound images,
whereas the preoperative data is 3-D CT volumes, motivat-
ing us to deal with 2-D/3-D registration.

One key challenge for 2-D/3-D registration is to develop
a fast, accurate, and robust algorithm. Prior algorithms can
be classified into two groups: feature- and intensity-based
approaches. The intensity-based approach {1,5,6] has been
shown to provide more accurate and robust results than the
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feature-based approach [3,7]. The intensity-based approach
compares the intensity values between the real projected im-
age and the digitally reconstructed radiograph (DRR) gen-
erated from the volume. It requires a large amount of com-
putation to iteratively produce DRRs until a best match be-
tween the projected image and the DRR is found. There-
fore, acceleration strategies are required to minimize surgi-
cal time. ,

In this paper, we present the design and implementation
of a parallel 2-D/3-D registration method, aiming at achiev-
ing fast, accurate, and robust alignments for computer-
assisted surgery. Our method parallelizes an intensity-based
algorithm to reduce computation time without degrading the
quality of alignment. The key contribution. of our method
is to provide fast and robust alignments by means of data-
parallel and speculative processing, respectively.

2. Intensity-Based 2-D/3-D Registration

The intensity-based algorithm employed in our method
has the following three advantages: (1) automated registra- -
tion by comparing a real projected image and a DRR [1];
(2) robust registration using an information-based similar-
ity measure [5]; and (3) accurate registration using biplane
2-D images [2] and region of interest (ROI) [6]. Due to the
limited space, we describe only advantages (1) and (2).

Before describing each advantage, we first define the 2-
D/3-D registration problem. To make it easier, we present
a definition for a single image rather than biplane images.
Given a volume V and a real projected image I p (see Fig-
ure 1), the 2-D/3-D registration technique compules the
rigid transformation parameter T that relates the coordi-
nate system of the volume V' and that of the imaging (pa-
tient) environment. Here, the rigid transformation is given
by T = (T, Ty, Tz,0x,0y,0z), where the first and last
three parameters are the (ranslations and rotations of V.

Figure 2 briefly presents the intensity-based algorithm.
The algorithm resolves the registration problem into an op-
timization problem. That is, in order to register the volume
V to the 2-D image [, the algorithm optimizes a cost func-
tion ' associated with the location and orientation of V,
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Figure 1. Overview of intensity-based 2-D/3-
D registration. In this case, it aligns a CT
volume of a real spine to a fluoroscopy image
of the spine.

where C represents the similarity measure between the 2-D .

image /r and the DRR Ip, generated from V. Furthermore,
this optimization is performed in a hierarchical manner in
order to reduce the amount of computation. This hierarchy
is controlled by the step size X of the optimization.

The algorithm consists of the following technologies.

DRR generation: As illustrated in Figure 1, a ray casting
method generates the DRR Ip. Image intensity Ip(i, )
at point (¢, j) on the DRR Ip is computed by accumulating
the intensities of the voxels that ray r(7, j) penetrates, where
r(z, j) represents a ray that penetrates point (7, j) from the
- rendering source.
Similarity measure: We use gradient correlation (GC)
for our algorithm according to an experimental study (5]
on six similarity measures. Although the study found that
pattern intensity [6] and gradient difference were the most
robust measure for their registration scenario, these mea-
sures require intensity correction [5] to minimize the dif-
ference between the two images Ir and Ip, because they
use a difference image created by subtracting I p from Ip.
" In contrast, GC focuses on edge information in the im-
ages, so it essentially does not require intensity correction
to minimize the difference. Furthermore, the study also
showed that GC provided a small failure rate (5%) for clin-
ical datasets, and it was the most robust measure that as-
sumed no intensity correction. Therefore, we use GC as
the similarity measure between the two images Iz and Ip:
C'(T) = G(Fp,Ip). Here, GC G(A. B) between images
A and B is given by G(A,B) = N/2(8A4/0i,0B/di) +
N/2(0A/0j,0B/8j), where dA4/9i and 0A/dj (OB/di
and 9B /d7) are the gradient images of A (B, respectively),
representing the derivative of the intensity in the horizontal
and vertical axes of the image, and N(A. B) is normalized
cross correlation (NCC) defined over two images 4 and B.

4
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Initial parameter T and step size A

1. DRR generation: pfoducc a DRR to compute
T=T+Aa8C/3T
]

2. Similarity evaluation: produce gradient images
of the 2-D image and DRRs to compute
C(T) = G(IF, Ip) (see Equation (2))

¥
C(T) approaches to-the optimum?
Yes -

No
l 3. Step size refinement: compute A=1/2 |

i
A reaches the finest step size?
No

Yes

Final parameter T

Figure 2. Intensity-based 2-D/3-D registration
algorithm,

—>

The gradient images are produced by means of the first
derivative of a Gaussian. This filter has the advantage that
it reduces and smoothes noise in the images, improving the
robustness of alignment. In summary, the intensity values
at point (i, j) on the gradient images A/di and DA /D are
given by convolution with the first derivative Gaussian fil-
ters F(i, ) and Fy (i, j): QA(i, §)/81 = Fi(i, ) » A(i, )
and DA(1,7)/05 = Fy(i,j) * A(4, ), where F(i,j) =
2;_;46_('.2'*'.‘].2)/2‘.72’ FJ(Z,]) = 27_”;_‘ e_(i2+j2)/202, and o
is the standard deviation of the distribution and is propor-
tional to the kernel size, namely the size of neighborhood
on which the filter operates.

Summarizing the above description, the main computa-
tion phases of the algorithm are (a) DRR generation, (b)
gradient image generation, and (c) NCC computation.
Optimization: In order to find the optimal transformation
parameter T that maximizes the cost function C, the algo-
rithm employs the steepest descent optimization technique
during registration process: T = T + A9C/9T. This op-
timization stops if a local optimum has been found. The
gradient 9C'/AT of the cost function is estimated by using
the finite-difference approximation. Because the transfor-
mation T consists of six independent parameters, the com-
putation phases (a)-(c) are repeated 13 times to approxi-
mate the gradient 2C'/OT at each optimization step: one
repetition for current transformation T and 12 repetitions
for finite differences T & AA of each parameter.

3. Parallelizing 2-D/3-D Registration

In this section we present the design and iiplementation
of our parallel method.

Co
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3.1. Design Aspects

To accelerate the registration process, we can exploit
three parallelisms as follows.

¢ Speculative parallelism: In the registration algorithm,
speculative parallelism can be exploited by simultane-
ously processing the same registration task with dif-
ferent initial parameters. This is important to prevent
unsuccessful registrations (due to local optimums), be-
cause the surgery cannot progress until the alignment
bas correctly finished. Otherwise, the surgery must
be performed without the surgical plan. To prevent
such undesirabie situations, an appropriate transforma-
tion is required as the initial parameter T. However,
in general, initial parameters are experimentally deter-
mined according to the surgeon's experience. There-
fore, speculative processing contributes to improve the
robustness and confidence of our method.

Data parallelism: Exploiting this parallelism acceler-
ates a single registration task. It can easily be estab-
lished by using image parallelism [4], where proces-
sors take the responsibility for each subtask associated
with a small part of the 2-D image. The details are
presented later in Section 3.2. ]

Task parallelism: This parallelism also contributes to
accelerate a single registration task. It exists in the
finite-difference approximation, where the computa-
tion phases (a)—(c) are repeated 13 times. However,
this means that the speedup derived by this parallelism
is limited by a small factor of 13. Furthermore, load
balancing is probably not easy if it is exploited, be-
cause 13 cannot divide the number of Pprocessors, usu-
ally chosen to be a power of two.

From the above discussion, we have decided to exploit spec-
ulative and data parallelism. ‘

In addition to the computation phases (a)-(c), in-
put/output (/O) operations also might become a perfor-
mance bottleneck after parallelization. However, 1/0 issues
are not critical in our cluster environment for the following
.two reasons. Firstly, the largest input data, namely the vol-
ume V, is the preoperative data, which can be distributed to
processors before surgery. Therefore, we can assume. that
processors have loaded it into their local memory when reg-
istration tasks are submitted. Secondly, the remaining data
Ip is small enough to be broadcasted rapidly in our clus-
ter. Therefore, we assume that all processors have the entire
data, V and [p, in their local memory.

3.2. Workload Distribution

We now present how our method exploits image paral-
lelism. A good solution to this issue balances workload
among processors and minimizes the amount of messages
transmitted between processors and the number of sends
and receives. To find such a solution, we first investigate the

characteristics of computation phases (a)—(c) with respect to
available parallelism, load balancing, and data access pat-
tern. Table 1 shows these characteristics with a preliminary
timing result measured on a single processor machine.

¢ DRR generation: The intensity value at any point
(%,7) can independently be computed with the values
at other points, because different rays can cast inde-
pendently. The workload associated with each point
is nonuniform due to the different number of pene-
trated vozxels. Points around the DRR edge tend to have
less workload. In addition to this image parallelism,
we also can use object parallelism [4], where proces-
sors take the responsibility for each subtask associated
with a small part of the volume and then merge locally
rendered DRRs into a final DRR. This object-parallel
scheme allows processors to load only a small portion
of the volume, but it requires communication to gen-
erate the final DRR. As mentioned earlier, we assume
that all processors have the entire volume, so that our
method uses an image-parallel scheme (o prevent com-
munication in this most time-consuming phase. )
Gradient image generation: As same as in DRR gen-
eration, different points can independently be pro-
cessed to obtain their intensities on the gradient image.
‘The convolution for point (Z, ) requires all intensities
A(i + ¢,j + 8) such that —| /2] £ «,8 < | V/2],
where R denotes the kernel size of the filter. Note
here that this.means any point on the gradient image
requires DRR generation of its surrounding X' x K
neighborhood, because the gradient images are gener-
ated from the DRR Ip as well as the image Ir. With
regard to load balancing, this computation phase has
uniform workload, because the same kernel size K is
used for every point. Note also here that the kernel
size K is usually a relatively large number, which in-
creases the amount of messages under an inappropriate
workload distribution scheme. For example, we use
K = 19 pixels for typical 2-D ROI sizes ranging from
200 x 200 to 400 x 400 pixels.

NCC computation: NCC computation can be ap-
proached as a reduction problem, because it can be
rewritten as N(A, B) = 3, ; (A(i,7)B(i, j) — A B)

- —

IS A = ENT, (Bl - B).

This equation indicates that NCC can be computed
from six local sums: the local sums of the number
of points; intensities A(Z, j); B(i,7); squared inten-
sities A(i,5)% B(i,j)* and multiplied intensities
A(i.j)B{i,j). These sums can independently be
computed if processors are responsible for the same
point (i,j) on images A and B. The workload is
perfectly balanced if the same number of points is
assigned to each processor. However, commun_ication
is required to reduce local sums into a global sum.

According to the analysis mentioned above, our method
employs a 2-D block distribution scheme with the overlap

3
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Table 1. Summary of computation phases.

Computation phase Parallelism Workload | Data required for intensity A(z, 5) Time (s)
(a) DRR generation Image/object™ | Nonuniform | Penetrated voxels 993.7

" (b) Gradient image generation Image Uniform | Surrounding K x K neighborhood intensities 67.2
{(c) NCC computation Image? Uniform | Corresponding intensity B(i, §) 2.5

1, 2: Communication is required to produce the final DRR and to perform reduction operations, respectively.

(b)

Figure 3. qukldad distribution.

region, as shown in Figure 3. Here, the overlap size is given
by the kernel size K, allowing processors to produce gradi-
ent images without any communication. As compared with
other distribution schemes such as 1-D/2-D disjoint block
and cyclic schemes, our scheme has the following advan-
tage/disadvantages: (1) less communication, achieved by
the overlap region; (2) more computation, due to the redun-
dant DRR generation for the overlap region; and (3) imbal-
anced workload, as compared with the cyclic scheme.

If the overlap region is not given, communication is re-
quired for block boundaries in order to obtain intensities of
neighbor points computed by other processors. This com-
munication becomes a significant performance bottleneck
in a case where many processors are responsible for the
neighbor points. In this case, processors need to gather the
intensities from many processors and also have to scatter
their own intensities to others, but it is not easy to realize
both fast scatter and gather operations at the same time. Due
to this complex communication pattern, the cyclic scheme
possibly results in poor performance. Furthermore, the 1-
D/2-D block scheme without the overlap will also suffer
from this situation as the number of processors P increases,
becaunse the kemel size K is relatively large compared to
the block size, which decreases as P increases.

3.3. Proposed Method

We denote by R = {(7,7) |1 <i < 81,1 <5< Sy}
the domain of the ROI specified on the 2-D image, where
St and S are the horizontal and vertical size of the ROI,
respectively. Let R,,, where 1 < p < P, be the p-th subdo-
main partitioned by the 2-D disjoint block scheme such that
R = U:;{R,, andR,Ry =0.forall 1 < p< g <P
Let R;; be the p-th subdomain with its overlap region.
~ Given P processors, our parallel method aligns the vol-
ume V 10 the image I as follows.

1. Dataload: For all 1 < p < P, processor p loads the
volume V from its local disk info main memory, and
waits for registration tasks to be submitted. Then, pro-
cessor 1 serves as a gateway receiving a registration
task with its input data: the projected image Ir, the
initial parameter T', and the initial step size A. After
this, the gateway broadcasts the data to all processors.

. DRR generation: For all 1 < p < P, processor p
locally generates a DRR for subdomain R;‘ .

3. Gradient image generation: Forall1 < p < P, proces- -
sor p locally generates the gradient images for disjoint
subdomain R, ‘

4. NCC computation: For all 1 < p < P, processor p
locally computes six local sums from subdomain R .
Then, every processor participates in a reduction com-
munication to combine local sums from all proces-
sors and distribute the global sum back to all proces-
sors. After this communication, every processor has
six global sums, so that locally computes NCC.

5. Optimization: Repeat 2.—4. 13 times to update the pa-
rameter T by using the steepest descent optimization.
Repeat this step until a local optimum has been found.

19

4. Experimental Results

To evaluate the performance of our parallel method, we
have implemented it using the C++ language and Message
Passing Interface (MPI) standard.

We used a cluster of 64 PCs, each equipped with two
Pentium III 1-GHz processors. The interconnection be-
tween nodes is a Myrinet switch, yielding a bandwidth of 2
Gb/s. Qurimplementation runs ona Linux-operating system
with the MPICH-SCore library, a fast MPI implementation.
On timing results. We performed registration tasks us-
ing datasets of a femur phantom and a real spine (see Table
2). The biplane images are generated as the front (coronal)
view and the side (sagittal) view of the body. The kernel size
K of the Gaussian filter was experimentally determined as
K = 19 pixels (g = 3).

We produced the CT volume and distributed it with its
ROI information to each node before running our registra-
tion program. This distribution takes 1.7 and 3.8 s on the
Myrinet network for the femur and the spine datasets, re-
spectively. On the other hand, the 2-D fluoroscopy images
are produced immediately before registration and then are
broadcast by the registration program itself. It takes 37 and
119 ms to broadcast each dataset, respectively.

4
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Table 2. Dataset specification.

Femur phantom Real spine
3-D volume size | 256 x 256 x 367 [512 x 512 x 204
File size 45 MB 102 MB
ROI size 53 x 47 x 54 | 299 x 299 x 47
2-D image size 640 x 512 1024 x 1024
File size 320KB 2MB
ROI size (front) 353 x 276 340 x 204
ROI size (side) 344 x 272 336 x 200

Table 3. Regisira}ion time and speedups.

# of procs Femur phantom Real spine

P Time (s) | Speedup | Time (s) | Speedup

1 - 320 1 1066 1

8 52 6 171 6

16 31 10 101 11

32 19 17 62 17

64 13 26 44 24

128 9 35 35 31

Table 3 shows experimental timing resuits on different
numbers of processors. We can see that our implementa-
tion running on P = 128 reduces computation time for the
spine dataset from 17 m (1066 s) to 35 s. It also achieves a
shorter time of 9 s for the femur dataset with a smaller ROI.
Times of less than 60 s are compatible with time constraints
required for surgery. Thus, our parallel method enables us
to utilize registration technique during surgery without de-
grading the quality of alignment. _

On workload distribution. If we change our distribution
scheme to a 1-D block scheme with overlap, the size of dis-
joint blocks and that of overlapping blocks on P = 128 be-

come 3 x 276 and 21 x 294 pixels, respectively. Therefore, -

this 1-D scheme requires about 7.5 times more computation,
resulting in a lower speedup. Moreover, since the vertical
length of 1-D blocks becomes shorter than that K of the fil-
ter, processors need to communicate with more processors
to obtain intensities of vertical neighbors, having a more
complex communication pattem with network contention.
Although our overlapping scheme requires redundant
computation for DRR generation, this disadvantage is cov-
ered by the advantage of less communication. If a 2-
D disjoint block scheme is employed, every processor
needs to communicate its boundary data with its verti-
cal/horizontal/diagonal neighbors. Though this can be im-
plemented by repeating shift communication operations,
these operations could be a performance bottleneck. For
example, when using 128 processors for the femur dataset,
this scheme causes 2.7 KB (41 - 53 — 23 - 35 pixels, each
in 2 bytes) of incoming data and the same amount of out-
going data at every processor, which must be sequentially
processed in eight shift communication operations.
On speculative processing. In our experiments, we found
that the speedup was limited by a relatively smaller value,

5
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as compared with P. In this situation, where the speedup
is theoretically limited by a small value, using more proces-
sors for data-parallel processing results in a lower utilization
of computing nodes. To deal with this, our method tries to
raise the speedup by means of speculative processing. This
strategy will lead to a higher speedup if registration tasks are
repeatedly processed with different initial parameters due to
unsuccessful alignments.

Another important motivation to exploit speculative par-
allelism comes. from the fact the registration algorithm
sometimes fails to align objects due to local optimums.
Therefore, our strategy will also improve the confidence of
registration technique, providing more robust alignment for
a wide variety of clinical scenarios.

5. Conclusions and Future Work

We have presented a parallel method for 2-D/3-D regis-
tration, aiming at realizing intraoperative alignment. Our
method exploits data and speculative parallelism in an
intensity-based algorithm, so that can perform fast, accu-.
rate, and robust registration during surgery. Our implemen-
tation on a cluster of 64 PCs aligns a 299 x 299 x 47 voxel
volume to 340 x 204 pixel images in a few tens of seconds,
a clinically compatible time.

In the future, our parallel implementation could be im-
proved by exploiting task parallelistn in order to achieve
further acceleration.
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Fluoroscopic Bone Fragment Tracking for Surgical
Navigation in Femur Fracture Reduction by Incorporating
Optical Tracking of Hip Joint Rotation Center

Yoshikazu Nakajima*, Takahito Tashiro, Nobuhiko Sugano,
Kazuo Yonenobu, Tsuyoshi Koyama, Yuki Maeda, Yuichi Tamura,
Masanobu Saito, Shin’ichi Tamura, Mamoru Mitsuishi,
Naohiko Sugita, Ichiro Sakuma, Takahiro Ochi, and
Yoichiro Matsumoto

Abstract—A new method for fluoroscopic tracking of a proximal bone
fragment in femoral fracture reduction is presented. The proposed method
combines 2-D and 3-D 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 without the need for re-
peated manual adjustment of the C-arm as required in stereo-view regis-
trations. Kinematic knowledge of the hip joint, which has a positional cor-
respondence with the femoral head center and the pelvis acetabular center,
allows the position of the femoral fragment to be defermined from pelvis
tracking. The stability of the proposed method with respect to fluoroscopic
image noise and the desired continuity of the fracture reduction opera-
tion is demonstrated, and the accuracy of tracking is shown to be superior
to that achievable by single-view image registration, particularly in depth
translation.

Index Terms—Fluoroscopic bone fragment tracking, fracture reduction,
- kinematic knowledge of the hip joint, motion constraint.

[. INTRODUCTION

Computer guidance for femur fracture reduction has been studied as
a means of improving repositioning accuracy and reducing radiation
exposure to medical staff by shortening procedures and introducing
robotic surgery. Where previous studies have focused on femoral shaft
fractures, proximal femur fractures such as femoral intertrochanteric
fractures are also common, particularly in osteoporotic elder females.
In previously proposed systems, reference markers for the positional
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sensor are attached to both proximal and distal bone fragments to mea-
sure the spatial relationship between the fractured bone fragments. Ina
proximal femur fracture, however, it is difficult to attach the reference

“marker to the proximal fragment, as the fragment is located deep in the
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body and the implantation required for attachment may have an unde-
sirable effect on the hip joint in leg position changes during surgery.

Some researchers have investigated a fluoroscopic tracking method
for bones [1], [2]. The methods involve the use of 2-D/3-D registration.
which in conventional single-view procedures does not provide suffi-
cient accuracy in depth translation for clinical use of the fracture frag-
ment tracking. Although stereo-view 2-D/3-D registration overcomes
some of the shortcomings of single-view registration, interactive C-arm
positioning is required in each registration step. The method proposed
by the present authors effectively combines 2-D/3-D registration from
a single-view fluoroscopic image with the proximal femoral fragment
position obtained by pelvis tracking. The use of such a 2-D/3-D regis-
tration technique by incorporating positional information at a number
of points was originally proposed by Russakoff [3] as a means to im-
prove the accuracy of stereo-view registration. However. in that pio-
neering study, fiducial markers were embedded directly in the bone to
acquire the positional information. In contrast, our method employs
pelvis position tracking as a less-invasive approach. and knowledge of
the kinematics of the hip joint is applied to acquire the position of the
femoral head center. The proposed method therefore does not require
the implantation of a fiducial marker in bones such as the proximal
femur fragment. :

II. METHOD

A. Process Overview

The segmentation of the pelvis and fragments of the fractured femur -
are processed preoperatively using a computed tomography (CT)
volume and in-house segmentation software. The femoral head center.
employed as the hip joint rotation center, is localized by sphere-fitting
image processing in the CT volume coordinate system. Bone tracking
during surgery is performed in two registration steps. In the first
registration step. two imaging operations and a position measurement
procedure are performed once for conventional stereo-view 2-D/3-D
registration to deternine the initial pose of the segmented bone volume
and the geometric relationship between the pelvis reference marker
and the hip rotation center poinl. Single-view fluoroscopy imaging
and a single position-tracking procedure are then performed for each
iteration of the hybrid bone tracking described below. This procedure
is performed iteratively for bone tracking during surgery.

B. Hybrid Bone Tracking Method

The method employs two constraints: an image similarity measure.
and a positional constraint for the hip joint rotation center based on op-
tical tracking. Gradient correlation is employed as an image similarity
measure, and is sensitive to thin-line intensity differences such as bone
edges, although it is potentially insensitive to the overlap of soft tissue.

Let Ej,ap. represent the evaluation value for image similarity mea-
sure. The positional constraint of the hip joint rotation center can then
be expressed as -

Epitien = dist(p) . p,.o). (0
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