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Abstract—In orthodontic dentistry for young subjects, it is important to assess the degree of growth of the jaw
bones to determine the optimum time for treatment. The structure of the digital joint changes with age, with such
changes correlating to the degree of bone growth (including jaw bones). There are two gaps in the digital joint
of a young subject, one of which disappears with aging. In the present study, a method for noninvasive assessment
of such change in the structure of a digital joint was examined, in which continuous-wave ultrasound is radiated
to a digital joint by a single-element ultrasonic transducer. This continuous ultrasound, which passes through the
digital joint, is received by a linear array ultrasonic probe situated opposite the transducer. The probe
simultaneously realizes pulse–echo imaging and imaging of transmission ultrasound, which passes through the
joint. Using this experimental apparatus, the existence and position of a gap can be detected clearly by imaging
the transmission ultrasound on a pulse–echo image. In basic experiments, continuous-wave ultrasound generated
by a planar or focused transducer was radiated to a gap between two acrylic bars, which simulated that in a
digital joint; transmission ultrasound, which passed through the gap, was measured with a linear array probe.
The basic experimental results showed that a gap with a width >0.4 mm is detectable and that the width at half
maximum of the amplitude profile of the received transmission ultrasound that passed through the gap correlated
with the width of the gap. Furthermore, in the preliminary in vivo experiments, transmission ultrasound that
passed through two gaps in the case of a child was clearly imaged by the proposed method, and that which passed
through only one gap in the case of an adult was also imaged. These results show the possibility for the use of
the proposed method to noninvasively assess the change in the structure of a joint as a result of aging. (E-mail:
hasegawa@ecei.tohoku.ac.jp) © 2009 World Federation for Ultrasound in Medicine & Biology.
Key Words: Bone age, Digital joint, Continuous-wave ultrasound, Ultrasound transmission, Linear array.
INTRODUCTION

In orthodontic dentistry for young subjects, it is impor-
tant to assess the degree of growth of the jaw bones to
determine the optimum time for treatment. The ossifica-
tion of bones in a hand is often used for assessment of
bone age, such ossification being evaluated by x-ray
imaging of a hand and wrist (Tanner et al. 1975; Rucci et
al. 1995; Wit et al. 2005; Jones and Ma 2005). In addi-
tion, Khal et al. (2008) have recently proposed a method
by which the degree of bone growth is assessed based on
the maturation of the cervical spine. The bone maturity
assessed by this method was found to correlate well with
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that assessed by hand radiography. This method would
be useful because the cervical spine is always seen on the
lateral cephalometric radiograph. Although these meth-
ods give an accurate estimate of bone age, exposure of
healthy subjects to x-rays is inevitable.

Because ultrasound is useful for noninvasive diag-
nosis of bone, many studies on ultrasonic measurement
of bone have been conducted. Wells (1975) reported the
speed of sound and ultrasonic absorption in bone,
whereas Williams (1991) predicted the propagation of
slow and fast waves propagating through bone by Biot’s
theory (Biot 1962) and also experimentally measured
these waves. Otani and colleagues extensively investi-
gated slow and fast waves (Hosokawa and Otani 1997,
1998; Hosokawa et al. 1997; Otani 2005), which propa-
gate in bone marrow and the contained hard structure,

respectively. Therefore, the amplitude of a slow-wave
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disappears with aging. (b)

imaged by pulse–echo imaging.
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propagating through the cancellous or trabecular bone
increases as the hard structure decreases, whereas that of
a fast wave decreases. The hard structure in trabecular
bone decreases because of osteoporosis and, thus, a
method has recently been developed to quantitatively
estimate bone density and quality by measuring the am-
plitude change of these waves that cannot be obtained
only from the attenuation coefficient of bone (Otani
2005). Speed-of-sound and attenuation of ultrasound in
bone is used widely for characterization of bone (Asai et
al. 1996; Wear 2000, 2001a; Bossy et al. 2004). How-
ever, the structure of bone is complex, and the measured
sound velocity shows a significant dispersion. Many
studies have been conducted to identify the sources of
this dispersion (Droin et al. 1998; Wear 2000, 2001b),
and Häat et al. (2006) have attempted to generalize the
measurement of sound velocity in bone. Furthermore,
methods for estimating attenuation and spacing of can-
cellous bone structures by analyzing backscattered ultra-
sound have been developed (Wear 2003; Pereira et al.
2004) because the aforementioned methods require mea-
surement of transmission ultrasound through the bone,
and it is difficult to apply such methods to bone deep
inside the body. All of these methods measure speed-of-
sound and attenuation of ultrasound propagating through,
or backscattered from, a large bone to estimate the bone
density for diagnosis of osteoporosis in elderly subjects,
the quality of bone being the main focus.

The present study was focused on the structure of a
joint. As shown by a method using x-ray imaging (Tan-
ner et al. 1975; Rucci et al. 1995; Wit et al. 2005; Jones
and Ma 2005), the structure of a joint of a young subject
changes because of aging. In the case of a digital joint of
a young subject, there are two gaps, one of which dis-

) 5-year-old male. The arrowhead indicates the gap that
26-year-old female.
Fig. 1. X-ray image of the second joint of the middle finger. (a
Fig. 2. (a) Ultrasonic B-mode image of the second joint of the
middle finger of a 33-year-old male. (b) Illustration of regions
appears with aging. The present study investigated an
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ultrasonic-based method to noninvasively assess such
change in the structure of a digital joint by using ultra-
sound transmission through a joint. Weigel et al. (1982)
conducted ultrasound transmission imaging using sacri-
ficed dogs seven to eight weeks of age. They used
collimated ultrasound (plane wave) for transmission, the
transmitted ultrasound being focused by an acoustic lens
system. Their system achieved a spatial resolution of
approximately 1 mm at an ultrasonic frequency of 2
MHz. In the present study, higher-frequency ultrasound
was used for ultrasound transmission through a digital
joint, the gap of such joint usually being �1 mm. Fur-
thermore, focused and unfocused ultrasound were used
because the latter may be better for transmission through
a narrow gap. Ultrasound transmitted through a gap was
measured by a linear array ultrasonic probe. This exper-
imental setup enables simultaneous pulse–echo imaging
and ultrasound transmission imaging. The feasibility of
this method was investigated by basic experiments using
acrylic bars. Furthermore, initial in vivo imaging was
conducted for child and adult subjects.

Current methods for assessment of the bone matu-
rity using x-rays are accurate and exposure to radiation is
relatively low. However, ultrasonic methods would sup-
plement x-ray methods because of their absolute nonin-
vasiveness and potential for use in a wide range of
medical institutions, because the cost of ultrasonic equip-
ment is lower than that of x-ray equipment. Unfortu-
nately, no equipment for imaging ultrasound transmis-
sion is now commercially available, and thus a new
experimental system was used in this study to examine
the basic concepts of the proposed method.

MATERIALS AND METHODS

Growth of bone in digital joints
Figure 1a and b show x-ray images of the second

joints of middle fingers of a 5-year-old male and 26-year-

red line in (a) of transmission ultrasound: (1) planar, 5
Fig. 3. (a) Measurement apparatus to realize pulse–echo imag-
ing and ultrasound transmission imaging simultaneously. (b)
Schematic diagram of experimental setup. Both planar and

focused transducers were used for ultrasound transmission.
Fig. 4. (a) Imaged pattern and (b) amplitude profile along the

, 7 MHz.
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old female, respectively. The gap indicated by the white
arrow in Fig. 1a disappears because of aging. Therefore,
a joint with developing bone can be differentiated from
that with mature bone by identifying whether there are
two gaps. In addition, the width of the gap indicated by
the white arrow in Fig. 1a can be used for evaluation of
bone age. This study was approved by the Ethics Com-
mittee on Clinical Investigation, Graduate School of
Dentistry, Tohoku University, and was performed in
accordance with the policy of the Declaration of Hel-
sinki; all subjects gave informed consent.

Conceptual overview
Ultrasonic B-mode imaging is useful for morpho-

logic diagnosis of organs. Figure 2a shows a B-mode
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Fig. 5. Example of analysis in basic experiments (diameters of
bars: 10 mm; width of gap: 0.6 mm; planar transducer for
ultrasound transmission): B-mode images (a) with and (b)
without exposure of transmission ultrasound, respectively. The
transmitting transducer was placed on the bottom and the linear
array probe was placed at the top. (c) Subtraction image ob-
tained from (a) and (b). (d) Amplitude profile along the red line
in (c).
image of the second joint of the middle finger of a
33-year-old male. A gap in the joint can be recognized in
the B-mode image shown in Fig. 2a. However, the tissue
structure in the joint is poorly imaged because the inci-
dent ultrasound is almost perfectly reflected by the near
surfaces of bones and the pulse–echo imaging can only
assess the shape of the near surfaces (illustrated by the
solid curves in Fig. 2b). In addition, the exact position of
a gap is somewhat unclear because the image pattern in
a gap is inhomogeneous, as shown in Fig. 2a, similar to
that of the surrounding soft tissue. The reason is that the
acoustic impedance of cartilage (of course, there is soft
tissue in a joint) is much closer to that of soft tissue
compared with that of bone (Töyräs et al. 2003), and
there is no distinct echo from a gap.

To overcome this drawback, in this study transmis-
sion of continuous ultrasound through a gap in a joint
was imaged in combination with pulse–echo imaging to
clearly assess the existence of gaps and their positions. A
linear array ultrasonic probe was positioned, as shown in
Fig. 3a, for pulse–echo imaging of a gap. A single-
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Fig. 6. Amplitude profiles at different widths of the gap (planar
transducer, diameter of bars: 10 mm): (a) 0 mm, (b) 0.4 mm, (c)
0.8 mm, (d) 1.2 mm, (e) 1.6 mm, (f) 2 mm, (g) 2.4 mm, (h) 2.8
mm, (i) 3.2 mm and (j) 3.6 mm. (k) Width at half maximum of
the amplitude profile plotted as a function of the gap width
(diameter of bars: 10 mm). Planar transducer was used, and
widths at half maximum were obtained from 10 image frames

at each gap width d.
element ultrasonic transducer opposite the linear array
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was used for irradiation of continuous-wave ultrasound
for transmission through the gap. Transmission ultra-
sound that passed through the gap was received by the
linear array. Ultrasound for transmission was irradiated
continuously, and transmission ultrasound that passed
through the gap was imaged together with the pulse-echo
image. Imaged transmission ultrasound clearly showed
the existence of a gap, and the transmission pattern
provided information on the width of the gap.

Experimental setup
As shown in Fig. 3b, two acrylic bars were placed

between a 10-MHz linear array probe (UST-5545, Aloka
Co., Ltd., Tokyo, Japan) for imaging and a transducer for
generation of continuous-wave ultrasound to penetrate a
gap with width d between the two acrylic bars. The gap
simulated that between bones in a joint. Transmission
ultrasound that passed through the gap was measured by
the linear array probe. Planar (5Z10I-C, Tokimec Co.,
Ltd., Tokyo, Japan) and focused (7Z10I-PF30-C-K445,
Tokimec Co., Ltd.) transducers, driven by 5-MHz and
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Fig. 7. Amplitude profiles at different widths of the gap (fo-
cused transducer, diameter of bars: 10 mm): (a) 0 mm, (b) 0.4
mm, (c) 0.8 mm, (d) 1.2 mm, (e) 1.6 mm, (f) 2 mm, (g) 2.4 mm,
(h) 2.8 mm, (i) 3.2 mm and (j) 3.6 mm. (k) Width at half
maximum of the amplitude profile plotted as a function of the
gap width (diameter of bars: 10 mm). Focused transducer was
used, and widths at half maximum were obtained from 10

image frames at each gap width d.
7-MHz continuous signals, respectively, were used for
generation of transmission ultrasound. The distance be-
tween the surface of the transducer and the lower edges
of the acrylic bars was set at 30 mm, which corresponds
to the focal distance of the focused transducer. The
distance between the surface of the linear array probe and
the upper edges of the acrylic bars was set at 20 mm,
which corresponds to the elevational focal distance
(fixed focus using acoustic lens). Using this apparatus,
the ultrasound transmitted through the gap could be
imaged together with the object (acrylic bars). RF sig-
nals, which contain both continuous-wave and pulsed
ultrasound produced by the transducer and array probe,
respectively, and are received by the array probe, were
sampled at 40 MHz.

As described previously, it is essential for evalua-
tion of bone age of a young subject to investigate
whether one or two gaps exist between the bones in a
joint. Furthermore, it is desirable that the width of the
gap be assessed from the measured pattern of transmis-
sion ultrasound. In basic experiments, transmission ul-
trasound was measured by changing the gap width d
from 0–4 mm, with increments of 0.2 mm to investigate
how a small gap can be detected and whether the width
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Fig. 8. (a) Example of measurement of an amplitude profile at
the leading edge (indicated by red line) of the echo from the
upper surface of the bar (diameter of bars: 10 mm). (b) Widths
at half maxima of amplitude profiles obtained at the leading and

descending edges of the echo from the upper surface of the bar.
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of such a gap can be evaluated using the measured
transmission ultrasound.

Difference between imaged patterns of transmission ul-
trasound produced by planar and focused transducers

Figure 4(1-a) and (2-a) show the imaged transmis-
sion ultrasound produced by the planar and focused

Fig. 9. Illustration of measurement of sound field emitted from
a gap.

Fig. 10. Sound fields measured by a hydrophone when a
30 mm and (2) 40 mm away from the lower surface of th
ultrasound were emitted from
transducers for transmission, respectively. In these fig-
ures, gap width d was set at about 5 mm and 9 mm,
respectively, i.e., �4 mm (maximum gap width in basic
experiments), to visualize the imaged pattern of trans-
mission ultrasound in a wider area. Figure 4(1-b) and
(2-b) show the profiles of the amplitudes of ultrasound
signals received by the linear array probe along the red
lines in Fig. 4(1-a) and (2-a). The imaged radiation
pattern of the focused transducer (Fig. 4[2-a]) was rather
complex compared with that of the planar transducer
(Fig. 4[1-a]), the latter being suitable for imaging a wider
gap. However, as the measured transmission ultrasound
produced by the focused transducer showed a high in-

d transducer for ultrasound transmission was placed (1)
diameter of bars: 10 mm). (a) Continuous and (b) pulsed

Table 1. Widths at half maxima �w of the amplitude profiles
of transmission ultrasound measured for different distances
between the focused transducer for transmitting ultrasound

and the lower surface of the acrylic bar (10 mm in diameter)

Width of gap
d (mm)

Distance between focused
transducer and lower
surface of bar (mm)

Width at half
maximum
�w (mm)

0.6 30 0.8
0.6 40 0.7
2.0 30 1.8
2.0 40 1.8
focuse
e bar (
a focused transducer.



388 Ultrasound in Medicine and Biology Volume 35, Number 3, 2009
tensity within a narrow area (width at half maximum: 2
mm), it would be useful for penetration of cartilage and
tissue in a joint because the attenuation in such tissue is
much greater than that in water. Thus, the focused trans-
ducer was used in the following preliminary in vivo
imaging, whereas both the planar and focused transduc-
ers were used in the basic experiments.

BASIC EXPERIMENTAL RESULTS

Measurements with the planar transducer
Figure 5a and b show B-mode images with and

without exposure of transmission ultrasound produced
by the 5-MHz planar transducer. The width of the gap in
Fig. 5 was 0.6 mm. Ultrasound transmitted through the
gap was clearly imaged. In the basic experiments, the
object was stationary. Therefore, as shown in Fig. 5c,
only transmission ultrasound that passed through the gap
could be imaged by subtracting the RF signals without
exposure from those with exposure, which were received

Fig. 11. Imaged transmission ultrasound in B-mode ima

at (1) 0.6 mm and (2) 2.0 mm. The elevational positions y of th
by the linear array probe. Figure 5d shows the profile of
the echo amplitude along the red line shown in Fig. 5c.

Using the same procedure, the amplitude profiles at
the same depth, shown by the red line in Fig. 5c, were
obtained for other widths d of gaps. Figure 6a–j show the
amplitude profiles at various gap widths d from 0–3.6
mm. The amplitude profile was obtained at the descend-
ing edge of the echo from the upper surface of the bars,
as indicated by the red lines in Fig. 5. As can be seen in
Fig. 6b, transmission ultrasound was detected at a gap
width d larger than 0.4 mm. In Fig. 6a–j, the red lines
show the width at half maximum �w of each amplitude
profile. Figure 6k shows the width at half maximum �w
plotted as a function of gap width d. In Fig. 6k, widths at
half maximum �w obtained from 10 image frames are
plotted at each gap width d. As shown in Fig. 6k, there is
a correlation between the width �w of the amplitude
profile and the gap width (correlation coefficient between
the actual and measured gap widths: 0.93 [overall], 0.60

ameter of acrylic bars: 10 mm). Gap widths d were set
ges (di

e bars were set at (a) 0 mm, (b) 2.5 mm and (c) 5 mm.
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[d � 0.4 to 2 mm], 0.98 [d � 2 to 4 mm]). These results
show the possibility of using the proposed method to
measure gap width d. However, the correlation is weak
in the range of gap width d �2 mm in the case of the
planar transducer.

Measurements with the focused transducer
Figure 7a–j show the amplitude profiles measured

with the focused transducer. As in the case of the planar

Fig. 12. Imaged transmission ultrasound in B-mode imag
(1) 0.6 mm and (2) 2.0 mm. The elevational positions y
transducer, ultrasound transmitted through the gap can be
detected at a gap width d �0.4 mm. However, the
amplitude profile does not change so much in the range
of gap width d �2 mm because the width at half maxi-
mum of the amplitude profile of the original radiation
pattern of the focused transducer was 2 mm, as shown in
Fig. 4(2-b). However, the amplitude of the received
transmission ultrasound was two times larger than that of
the planar transducer, which is a great advantage for
penetrating the cartilage and tissue in a joint. Figure 7k

ameter of acrylic bars: 6 mm). Gap widths d were set at
bars were set at (a) 0 mm, (b) 1 mm, (c) 2 mm and (d)
es (di
of the
shows the width at half maximum �w of an amplitude
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profile plotted as a function of gap width d. In Fig. 7k,
widths at half maximum �w obtained from 10 image
frames are plotted at each gap width d. There is no
correlation between the width at half maximum �w and
gap width d in the range of gap width �2 mm, which
corresponds to the fact that the amplitude profile does not
change in that range, as shown in Fig. 7a–j. However,
there is a strong correlation at a gap width d �2 mm
(correlation coefficient between the actual and measured
gap widths: 0.7 [overall], 0.94 [d � 0.4 to 2 mm] and
�0.94 [d � 2 to 4 mm]). Therefore, a focused transducer
is useful, especially for imaging a narrow gap in a digital
joint. As shown in Fig. 1, the typical width of a gap in a
digital joint is �2 mm. Therefore, the focused transducer
was used in the subsequent experiments.

Widths at half maxima shown in Fig. 7k were
measured at depth positions assigned by referring to the
descending edge of the echo from the upper surface of
the acrylic bar. Figure 8 shows the widths at half maxima
measured at the leading edge of the echo from the upper
surface; the measured widths �w in Fig. 8 are similar to
those in Fig. 7k. In this study, widths at half maxima �w
were measured at the descending edge in the subsequent
experiments because stable measurements of �w can be
achieved as long as measurement is done at the leading
or descending edge of the echo from the upper surface of
the bars.

The sound pressure distribution measured with a
hydrophone, which scans the sound field in the horizon-
tal direction x (the longitudinal axis of the bar), as shown
in Fig. 9, was shown in Figure 10(1-a). Gap width d was
set to be 0.6 mm, and the distance between the lower
surface of the bar and the transmitting transducer was set
at 30 mm. To more clearly observe how the ultrasound
wave propagated, pulsed ultrasound was irradiated from
the transmitting transducer as shown in Fig. 10(1-b),
which shows that a spherical wave was emitted from the
gap. The distance between the hydrophone and the
source of the spherical wave, which was estimated from
the time delay (p � 0.07 �s, as shown in Fig. 10[1-b])

Table 2. Widths at half maxima �w of the amplitude profiles
of transmission ultrasound measured for different elevational

positions y of the bars (10 mm in diameter)

Gap width
d (mm)

Elevational position
y (mm)

Width at half maximum
�w (mm)

0.6 0 0.8
0.6 2.5 0.9
0.6 5 1.0
2.0 0 1.8
2.0 2.5 1.8
2.0 5 1.6
between signals received at two different horizontal po-
sitions x, was 19 mm. Therefore, the source was esti-
mated to be located at the gap on the level of the upper
surface of the bar. In the diagnostic ultrasound equip-
ment used, dynamic focusing was applied to the signals
received by the array elements. In this case, the width of
the ultrasound beam becomes the narrowest at the posi-
tion of the source of the spherical wave.

Figure 10(2) shows the sound field measured when
the distance l between the lower surface of the bar and
the transmitting transducer was set at 40 mm, and Table
1 shows a comparison of the widths at half maxima �w
measured at l � 30 and 40 mm. The wave pattern was
similar to that in Fig. 10(1), and the width at half max-
imum �w measured at l � 40 mm was similar to that at
l � 30 mm. However, the amplitude of transmission
ultrasound that passed through the gap decreased 50%, as
shown in Fig. 10(2). It is considered that more energy
can enter a gap when the beam width is narrower at the
entrance of a gap. These results indicate that it is better
to locate the focal point of a transmitting transducer at
the lower surface of the bar.

Measurements of gaps between bars with different diam-
eters

Acrylic bars 10 mm and 6 mm in diameter were
used to create gaps, as shown in Fig. 3b. Transmission
ultrasound that passed through gaps with different widths
d of 0.6 and 2.0 mm were measured for the different
positions, y, of the acrylic bars in the elevational direc-
tion to investigate the influence of the alignment of the
bars.

Figures 11 and 12 show the B-mode images and
Tables 2 and 3 show the widths at half maxima �w of the
amplitude profiles of transmission ultrasound measured
at each setting of gap width d and elevational position y.
As shown in Tables 2 and 3, the measured width at half
maximum �w does not change when the elevational
position y is less than half the radius of the bar, and the
difference between widths at half maxima of the ampli-

Table 3. Widths at half maxima �w of the amplitude profiles
of transmission ultrasound measured for different elevational

positions y of the bars (6 mm in diameter)

Gap width
d (mm)

Elevational position
y (mm)

Width at half maximum
�w (mm)

0.6 0 0.7
0.6 1 0.7
0.6 2 0.6
0.6 3 0.7
2.0 0 1.7
2.0 1 1.7
2.0 2 1.4

2.0 3 1.9
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tude profiles obtained for 6-mm and 10-mm acrylic bars
was 0.1 mm when y � 0.

Measurements at different angles of incidence between
ultrasound and the gap

The amplitude profile of transmission ultrasound
would be influenced by the angle of incidence between
the ultrasound beam radiated by the focused transducer
and the gap. In the previous section, the widths at half
maxima measured for the acrylic bars with different
diameters were similar when the elevational position y
was zero. Therefore, the influence of the angle of inci-
dence was investigated using acrylic bars 10 mm in
diameter by setting the elevational position y at zero. The
gap width d was set at 0.6 mm. Figure 13 shows images
of transmission ultrasound through the gap at different
angles of incidence � � 0, 2.5, 5 and 7.5 degrees. Table
4 shows the width at half maximum �w measured at
these angles of incidence �. As shown in Fig. 13, al-
though the change in the alignment was obvious, even
when the angle of incidence was 2.5 degrees, the mea-
sured widths at half maxima were similar, as shown in
Table 4.

Preliminary in vivo imaging
Figure 14(1-a) and (2-a) show x-ray images of the

Fig. 13. Imaged transmission ultrasound through the ga
degree, (b) 2.5 degrees, (c) 5 degrees and
hands of a 5-year-old male and a 26-year-old female,
respectively, and Fig. 14(1-b) and (2-b) are enlarged
views of the second joints of their middle fingers. One of
the two gaps found in the child subject indicated by the
white arrow in Fig. 14(1-b) is not found in the joint of the
26-year-old female shown in Fig. 14(2-b).

Figure 14(1-c) shows an ultrasound B-mode image
with exposure of transmission ultrasound (focused, 7
MHz) for the 5-year-old male, and Fig. 14(2-c) shows
that of the 26-year-old female. The widths of gaps of
these two subjects are from 1–2 mm, and the focused
transducer was used with consideration of the results of
the basic experiments. In Fig. 14(1-c), transmission ul-
trasound that passed through the two regions in the joint
can be clearly recognized in the case of the 5-year-old
male. On the other hand, in the B-mode image of the
26-year-old female (Fig. 14[2-c]), applied focused ultra-
sound passed through only one region. These results

th d: 0.6 mm) at different angles of incident � of (a) 0
5 degrees. Diameter of bars was 10 mm.

Table 4. Widths at half maxima �w of the amplitude profiles
of transmission ultrasound measured at different angles of

incidence � (diameter of bars: 10 mm)

Angle of incidence � (deg.) Width at half maximum �w (mm)

0 0.7
2.5 0.7
5 0.7
p (wid
7.5 0.8
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correspond well to the structures of the joints shown by
x-ray images and indicate that the proposed method has
potential for noninvasive assessment of the change in
structure of a joint because of aging.

DISCUSSION

As shown in Fig. 4, depending on the type of a
transducer (planar or focused), transmission ultra-
sound received by a linear array probe showed differ-
ent patterns in the B-mode image. The lateral variation
in the amplitude of transmission ultrasound depends
on the type of transducer (planar or focused). How-
ever, variation in the direction of depth should not
occur because continuous-wave ultrasound was used
to penetrate a gap in cases of both the planar and
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10 mm
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(b)

bonebone

10 mm

30 mm

(1)

Fig. 14. In vivo imaging of transmission ultrasound thro
(2) 26-year-old female. (a) X-ray image. (b) Enlarged x

of the second joint, with exposure of
focused transducers. However, there are variations in
the direction of depth, especially in the case of the
focused transducer. Such a variation in the direction of
depth is considered to depend on the receiving focus
of the linear array probe. Although dynamic focusing
was applied to the received signals in the used diag-
nostic equipment, the relationship between the receiv-
ing focus setting and the imaged pattern of transmis-
sion ultrasound should be further investigated in the
future to reduce the spatial inhomogeneity in the orig-
inal imaged radiation pattern shown in Fig. 4.

It was found that a focused transducer should be
used for transmitting ultrasound through a gap with a
width �2 mm, which corresponds to the typical width of
a gap in a digital joint. Through basic experiments using
acrylic bars, it was found that the width at half maximum
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correlated well with actual gap width d under the fol-
lowing conditions:

(1) The focal point of a transmitting transducer is lo-
cated at the lower surface of the bar.

(2) The elevational positions y of the bars are set to be
less than half of the radius of the bar.

(3) The width at half maxima �w is measured at the
leading or descending edge of the echo from the
upper surface of the bar.

To realize stable in vivo measurements, in future
work it will be important to develop a measurement
system in which the above conditions are maintained.

To apply this method to other larger joints, the sepa-
ration between a transducer for ultrasound transmission and
an imaging probe needs to be increased. To keep the focal
position of a transducer as it was in the present study, a
different transducer and different probe must be used to
increase the separation. The frequency of ultrasound may
need to be changed because of the increase of the distance
between the skin surface and a joint. In addition, the type of
transducer (planar or focused) may need to be considered to
image a wider gap in a larger joint. Therefore, the optimum
frequency of transmission ultrasound and the type of trans-
ducers (planar or focused) should be more thoroughly in-
vestigated because the frequency of ultrasound significantly
influences the spatial resolution. In this preliminary study,
different frequencies were used for the planar and focused
transducers. A set consisting of planar and focused trans-
ducers operated at the same frequency would be required to
investigate the difference between these transducers, and
sets of transducers at different frequencies would be re-
quired to investigate the optimum frequency.

Although there are many things to be investigated
further as described here, the proposed method would en-
able the tomographic imaging of a digital joint. The com-
bination of pulse–echo imaging and tomographic imaging
should be useful for diagnosis of joint structures.

CONCLUSION

The structure of a digital joint changes with aging.
There are two gaps in a digital joint of a young subject,
one that disappears with aging. To noninvasively assess
such change in a digital joint, in this study continuous-
wave ultrasound was radiated through a gap between two
acrylic bars, which simulated the gap in the digital joint.
Transmission ultrasound was measured with a linear
array probe for imaging. The basic experimental results
showed that a gap with a width �0.4 mm can be imaged.
In the case of a planar transducer, the width at half
maximum of the amplitude profile of received transmis-
sion ultrasound that passed through the gap correlated

with the width of the gap when the gap was �2.0 mm.
On the other hand, the width at half maximum obtained
using a focused transducer correlated with the gap width
when the gap was �2.0 mm. From these results, a
focused transducer is considered to be preferable for the
measurement of a gap in a digital joint whose width is
typically �2 mm. Furthermore, in the preliminary in vivo
experiments, transmission ultrasound that passed through
two gaps was clearly imaged by the proposed method in
the case of a child subject, whereas transmission ultra-
sound that passed through only one gap was imaged in
the case of an adult subject. These results show the
possibility of using the proposed method to noninva-
sively assess the change in the structure of a joint be-
cause of aging.
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