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Numerical Investigation of the Effect of Incoherence
on Fast Wave Generation in Cancellous Bone
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1. Background

Quantitative ultrasound (QUS) technique is
now used in clinical practice for the assesment of
bone strength [1,2]. For this purpose, an interesting
behavior of pulse wave separation propagating in
cancellous bone, refered to as two wave
phenomenon [3], has been considered useful for
precise estimation of not only bone density but also
bone quality [4]

The frequency of the fast wave has been
shown to be lower than that of the slow wave,
which often lasts temporally longer depending on
the condition of bone specimen [5-8]. The existence
of two waves has been interpreted as the effect of
their discriminating propagation paths: the fast
wave mainly reflects the properties of the solid part
(trabeculae) of cancellous bone and slow wave
reflects that of liquid part (bone marrow) [4].
However, in some cases, the shape of the waveform
of the received wave is collapsed because of the
incoherence of propagating wave, and, as a result, it
may be difficult to derive pertinent information of
the media [9]. In this study, therefore, we
investigated the effect of wave incoherence on the
two waves properties propagating in heterogeneous
cancellous bone using 3-D  numerical simulation.

2. Simulation Setup

Three-dimensional elastic FDTD
(finite-difference time-domain)
simulations were performed using X-ray
microcomputed tomography images of
bovine cancellous bone specimens (see
Fig. 1) [10]. The size of the specimens
was 15X 15X 9 mm’ and the spatial
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As shown in Figs.2, the original model (Model-2)
was separated into nine cuboids (Fig.2(a)), and then
the each part was copied eight times using
symmetry and mirrored images to avoid
discontinuity (Fig.2(b)-(d)).

Then, a short ultrasonic pulse was applied
into the aforementioned structures using a 15X 15
mm? planar transmitter. The emitted signal was
chosen similar as a received wave acquired in
similar measurement setup, with a 1 MHz single
sinusoidal wave [10].

The size of simulation domain was 17X 17 X
13 mm?>. The propagated waves were observed with
planar receivers parallel to the transmitter. Here,
coaxial square sensors with different sizes (from 46
X46 um® up to 15X15 mm?) were prepared in
order to determine the effect of the summation of
possible incoherent waves.

(a) Model-1 (b) Model-2

Fig.1  Cross-section diagrams (central slice) of 3-D
simulation models: (a) Model-1 and (b) Model-2.

resolution of CT images and simulation
was 46 um. With these specimens, it was
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confirmed that a clear separation of two b
waves could be observed.

In order to confirm the effect of the
heterogeneity of specimen, three types of
repetition models were artificially created.

(a) Original “Model-2"

bbb b d b qaq pp aq bbb | ddd | bbb
p q p dd | bb | dd pPP | qqq | PPP
b d b qq pp qq bbb | ddd | bbb

(b) Copied “b” repeatedly  (c) Copied “bb” repeatedly (d) Copied “bbb” repeatedly

Fig.2 Preparation of artificial repetition models based on Model-2
shown in Fig.1(b). (a) The original model was separated into 9 parts
and then copied to (b) (¢) (d) alternately as erecting images (e.g.

b—>b) or mirrored images (e.g. b->d, b>p, or b=>q), respectively.
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Fig.3 Simulated results of (a) Model-1, (b) Model-2.
Each line indicates the result with various sensor size.
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Fig4 Simulated results of artificial repetition models
based on Model-2 shown in Fig.2(b)-(d).

3. Results and Discussion

Figures 3 show the simulated waveforms
received by each transducer with different sizes. For
both models, fast waves and slow waves can be
distinguished: the time of arrival of the fast wave is
around 5.0~6.0 ps in (a) and 5.5~6.5 ps in (b),
while the slow wave arrives at 8.0~9.0 ps in (a) and
7.5~9.5 ps in (b). In addition, the results of (a) show
that the peak positions of fast and slow waves are
almost independent of the sensor size, respectively.

In contrast, the peak positions of especially the slow
waves in (b) are strongly dependent of the sensor
size.

The results shown in Figs.4 may help to
understand the behavior of the times of flight of the
fast and slow wave modes as a function of the
transducer size. Figures 4(a), (b), and (c) show the
results of the models corresponding to spatial
repetitions. Each result only reflects the
corresponding targeted area of the original model
(Model-2 shown in Fig.1(b)), respectively. Figure 5
indicates that the peak positions of fast and slow
waves strongly depend on the location of specimen
and not on sensor size. Thus, considering the sensor
size may be a good method to investigate the effect
of the incoherence of the propagating wave in the
case of heterogeneous bone samples.

4. Conclusion

The ultrasonic propagation in cancellous
bone samples was simulated using the coupling of
numerical simulation tools with high resolution
imaging techniques. The peak positions of the fast
and slow wave modes may be influenced by the
sensor size, depending on the specimen properties.
The results indicate that the sensor size is an
important parameter which should be taken into
account while performing clinical measurements
because the received wave may be affected by the
heterogeneous distribution of the microstructure of
the specimen which may cause incoherence of the
propagating wave.
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