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A NEW METHOD FOR EVALUATION OF FRACTURE HEALING BY
ECHO TRACKING

JUNTARO MATSUYAMA,* Isao OHNISHL* RyoicH! SAKAL T MASAHIKO BESSHO.*
Takuya Matsumoto,* KoicHr Mivasaka,” AKiMITsu HARADA,T SATORU OHASHIL*

AND Kozo NAKAMURA*
*Department of Orthopaedic Surgery. University of Tokyo and "Research Laboratory, Aloka Co. Ltd., Tokyo. Japan

Abstract—Assessment of bone 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 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 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 same 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.

Key Words: Ultrasound, Echo tracking, Fracture site stiffness, Fracture healing.

INTRODUCTION 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,
etc.). 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-

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-
tion, radiographs cannot evaluate fracture 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 out in recent
years, and various other methods of assessment have
been developed. Jernberger (1970) devised an invasive

. Afdgeslf °°”;§P‘§“d"“ce e s (_’hntst!‘i'TMk&D'~ shf)-l- E;Pm' ing of callus. However, the strain gauge method and the
ment of Orthopaedic Surgery, University of Tokyo, 7-3-1 Hongo, : -
Bunkyo-ku Tokyo, 1130033, Tokyo, Japan. AE method have the disadvantage that both are limited to

E-mail: ohnishii-dis@h.u-tokyo.ac.jp 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 patiern 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 to noninvasively
assess the bending stiffness of the healing fracture sites after
applying a load. To measure bending stiffness, we focused
on ultrasound because it is noninvasive. Precise measure-
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 pattern 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 um
(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 perfect 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

Volume 34, Number x. 2008

bending stiffness at the fracture healing site. Fracture
healing was evaluated in patients with tibia fracture
reated 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
racking 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 42071) panel (length 270
mm, width 60 mm, thickness 5 mm) was used, which had
a parallel accuracy and flatness variation of <2 pm. 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

Tracking points

/ .

L

g ®

1 RERE 02
*_\

ET angle

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 fragments.
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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
goniometer stand. A 7.5-M Hz linear ultrasound probe
(UST-5710-7.5, Aloka Co. Ltd., Tokyo) was set at a
distance of 20 mm from the panel to 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
(AE112, 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

o

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 obtained 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-mmn 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 fracture

Measurement period Radiographic

Case Gender Age Limb Treatment fracture healing (Initial-final) finding
1 F 24 L Casting 447 wk Normal
2 M 29 R Casting 7-28 wk Normal
3 M 23 R Bone grafting 8-27 mo Normal
4 M 31 R Nailing 4-39 wk Normal
5 B 57 R Nailing 5-10mo Normal
6 F 57 L Nailing 6-10 mo Normal
7 F 26 R Nailing Sy2mo-5y 7 mo Nonunion
8 M 69 R Plating 9-45 wk Delayed
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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 malleolus 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.

Supporter (Vacufix)

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 arrest of healing
occurred. In each patient, the decrease of the ET angle was
statistically examined to 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 the p value was less than 0.05.

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 fracture of the
tibia treated by a cast (case 2). In addition, the linearity
of the relation between the load and the ET angle was
assessed by incrementally increasing the load from 10 to
30 N. The ultrasound device (SSD 1000, Aloka Co. Ltd.)
used in this investigation is used clinically and its safety
has been established. The protocol of this investigation
was approved by the ethics committee of Tokyo Univer-
sity Hospital, and the patients were enrolled after in-
formed consent was obtained.

Volume 34. Number x. 2008

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 to 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 between the load and the bending angle
was very high, with a correlation coefficient of 0.997.

Cases presentation

Case 1: A 24-year-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
total of 11 times from 4 weeks to 47 weeks after
fracture. 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, measure-
ment showed that the ET angle was about 1° at 4
weeks, and that it decreased exponentially (y = 1.40e”
o-105X, 1 = -0.975, p < 0.0001). The ET angles of
both cases | and 2 treated with a cast decreased
exponentially over time and they reached the level of
the intact side by 22 weeks (Fig. 5a, b).

Case 7: A 26-year-old-woman with a fracture of the
diaphysis of the tibia treated by a locked intramedullary
nailing. ET measurement was performed five times
from 5y 2 mo to 6 y 7 mo after fracture. Her X-ray
films showed hypertrophic nonunion, but judgment of
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
S mo (y = 0.264e° - 002, r = 0.238, p = 0.700) (Fig.
fa, b).
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Fig. 5. (a) Time sequential change of the fracture site X-ray from 4 weeks to 32 weeks after fracture in case 1 treated
with casting. The fracture site healed normally. (b) In the same patient, the ET angle was plotted. The ET angles
decreased exponentially over time.

Case 8: A 69-vear-old-man with a long oblique
Sracture treated with a plate. His X-ray films showed a
long oblique fracture line extending for almost 80 mm.
Measurement was performed 10 times from 9 weeks to
45 weeks after fracture, during which period almost no
change of the fracture site or callus was recognized on
X-ray films. The ET method measured the bending
angle of the plate. The change was very slow, but the
angle decreased significantly from (.28 to 0.2 degrees,
and then finally declined to 0.1 degree. The overall

-0 030 »

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. (a) Time sequential change of the fracture site X-ray from 5 y 4 mo to 6 y 7 mo after fracture in case 7. treated

with intramedullary nailing. The X-ray films showed hypertrophic nonunion, but judgment of whether healing was

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

cable to patients treated conservatively as well as those
managed by surgical intervention with plating or in-
tramedullary nailing.

In 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 been
assessed, and a precision of 2.6 w was demonstrated in
our previous study. However, the precision of measuring
the bending angle has not been investigated before. We

obtained a precision of 0.002°, which was thought to be
adequate based on the results of the study by Moorcroft
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 vig 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



New method for evaluation of fracture healing @ J. MATSUYAMA er al. [

15W

23W

(b)
— 0.5
a y= 0_40':.0.050\
§ 0.4 R =-0.895 P=0.0005
k) .
%ﬂ 0.3 j__
- ! Tz, » =«
= 02 il
0.1 =
|
0 10 20 30 40 50

Weeks after fracture

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 to 0.2°, and then finally declined to 0.1°,

linearity between load 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 nonin-
vasive 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 from
around 1° in the initial stage to about 0.1 in the final stage
when it was almost equivalent to that of the intact tibia.
However, we have to improve the reproducibility of mea-

surement in vivo. The factors affecting reproducibility in
vivo include the position of the leg, loading direction and
positions of the probes. Among these, the positioning or
fixation of the leg seems to have the most influence on the
reproducibility of measurement.

For clinical evaluation of fracture healing, data ob-
tained by the ET method were compared with X-ray
findings over time. In patients with delayed healing or
nonunion, judgment of the healing process using X-ray
films was difficult because the direction and conditions
of obtaining images were not exactly the same every
time, so the findings were not reproducible. In contrast,



8 Ultrasound in Medicine and Biology

Volume 24. Number x. 2008

ET angle (degree)

50 60 70 80 90 100

Weeks after fracture

Fig. 8. In cases 1 through 6, the changes of the ET angle showed an exponential pattern. The correlation coefficients
obtained by the regression equation for the ET angle and time were very high in these cases.

the echo tracking method evaluated fracture stiffness
with considerable accuracy, sensitivity and reproducibil-
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 strain gauge method
and the invasive method of Jernberger (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-
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 Bumy 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
being 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 fracture site. How-
ever, stiffness is not necessarily correlated with strength.
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Chehade et al. (1997) investigated this relationship in 24
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 after osteotomy and a 4-point
bending test was done. As a result. 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 suength until 1emodeling 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 stiffness 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

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-
dale [1actute liealiug as a versatile, quantitative aud noun-
invasive technique. Further development of this method
should be performed so that it can be applied to other
anatomical sites by improving accuracy and precision.
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