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AbstractdThere is strong evidence to support the clinical use of low-intensity pulsed ultrasound (LIPUS) to
augment fracture healing. A previous experimental study showed that ultrasound can propagate in the joint space
of a single human cadaveric knee. A full experimental investigation of this propagation is not possible due to poor
reproducibility, the scarcity of human cadaveric tissues and the practical difficulties in making ultrasound
measurements in the knee. The aim of the present work is to investigate whether a computer simulation
(Wave2000 Pro�; Cyberlogic Inc., New York, NY, USA) can give a good representation of the experimental model.
The simulations provided a good agreement with the experimental data, giving some confidence in the application
of this computer simulation method as a means of determining whether ultrasound can propagate through
different anatomical regions where bone is present. (E-mail: hcs8dw@leeds.ac.uk) � 2010 World Federation
for Ultrasound in Medicine & Biology.
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INTRODUCTION

There is strong evidence to support the clinical use of
a specific ultrasound signal [1.5 MHz ultrasound pulsed
at 1 kHz, 20% duty cycle, 30 mW/cm2 intensity
(SATA)] to augment fracture healing. The use of this
low-intensity pulsed ultrasound (LIPUS) is the subject
of recent reviews by Pounder and Harrison (2008) and
Romanò et al. (2009). Research into the mechanism of
action of the ultrasound shows that low-intensity pulsed
ultrasound with a frequency of 1.5 MHz is capable of
enhancing several aspects of the fracture healing process,
including the endochondral phase in which repair prog-
resses through a chondrogenic process (Probst and
Spiegel 1997; Nolte et al. 2001).

Joint cartilage may become damaged through
a variety of causes, such as trauma, ageing or disease.
Osteoarthritis is a major cause of joint pain and frequently
manifests in the knee joint. It has been estimated
(Lawrence et al. 2008) that 27million people in theUnited
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States of America over 25 years of age have some form of
osteoarthritis, of which 9.25 million have osteoarthritis of
the knee. It is now speculated that low-intensity pulsed
ultrasound may have a positive effect on healing such
damaged joint cartilage as a result of the evidence on
the effects on cartilage during bone healing cited above,
and evidence for the in vitro stimulation of chondrocytes
from explanted animal cartilage (Zhang et al. 2003) and
from human cartilage (Korstjens et al. 2008). Indeed,
there is preclinical evidence for the effects of LIPUS on
healing articular cartilage defects in rabbits (Cook et al.
2001; Jia et al. 2005). For the ultrasound signal to be
able to have this effect on articular cartilage, it is
supposed that ultrasound at sufficient intensity must be
able to reach the cartilage. Given the confined geometry
of many joints, it is by no means obvious that this will
be the case. The present work takes the example of
a human knee joint and attempts to show whether and
under what conditions the LIPUS signal can propagate
from an externally held transducer to reach the surface
of the articular cartilage.

We have shown experimentally that ultrasound can
propagate in the joint space of a single human cadaveric
knee (White et al. 2007). However, a full experimental
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investigation of this propagation is not possible due to
poor reproducibility, the scarcity of human cadaveric
tissues and the practical difficulties in making ultrasound
measurements in the knee, primarily due to lack of space
for locating detectors. A previous study by White et al.
(2004), which looked at ultrasound propagation in
a simple Perspex knee phantom, found significant simi-
larities between experimental results and results calcu-
lated from a simulation in two dimensions using the
same geometry and the published properties of Perspex.
This gave confidence that we could attempt a simulation
of a human knee using the same software, though natu-
rally the geometry and materials are considerably more
complex than in that simple case. The aim of the present
work is to investigate whether a computer simulation can
indeed give a good representation of the experimental
model and to discuss and define those parameters, which
are most significant in the fit.
MATERIALS AND METHODS

The two-dimensional propagation of acoustic waves
(and hence ultrasound) in an isotropic elastic medium can
be described by eqn. (1) (Kino 1987; White 2006):
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where:
r5 material density [kgm23],
l 5 first Lamé constant [Pa],
m 5 second Lamé constant [Pa],
h 5 shear viscosity [Pa s],
x 5 bulk viscosity [Pa s],
V5 the gradient operator,
V,5 the divergence operator,
v 5 the partial differential operator,
t 5 time [s] and w is a two-dimensional column

vector whose components are the x and y components
of displacement of the medium at the point (x,y), i.e.,
w 5 [wx(x,y,t) wy(x,y,t)]

T.
Information on the propagation of ultrasound in two

dimensions in a given system can, therefore, be obtained
from the solution of the above equation with boundary
conditions defined by the geometry of the system and
variable parameters selected to describe the various mate-
rials present.
Software
There are a variety of numerical models designed to

solve the above equation and, hence, to simulate ultra-
sound propagation through materials. Proprietary
Windows-based software (Wave2000 Pro�; Cyberlogic
Inc., New York, NY, USA) was used in the present
work. It computes an approximate solution to the two-
dimensional (2-D) elastic (acoustic) wave equation using
a finite difference method (Kaufman et al. 1999; Luo et al.
1999). This software had previously been used in our
study on a Perspex “knee” (White et al. 2004).

The software program allows the user to specify
objects of any shape and material that are placed in the
beam of ultrasound of selected parameters emanating
from a defined source. It not only provides a means of vis-
ualising the ultrasound as it propagates through a given
medium but also allows the user to specify one or more
receivers that measure the displacement of the medium
at a location or set of locations in a simulation over
time. These are equivalent to the needle hydrophones,
which were used in the experimental work described in
the previous paper (White et al. 2007). The solution the
software generates inherently accounts for longitudinal
and shear propagation including mode conversions as
well as the effects of refraction, diffraction, scattering
and frequency-dependent viscous losses.

Wave2000Pro� permits the geometry of the system
to be created by a variety of means. Simple objects such
as the transducer were constructed using the geometry
functions within the software. Alternatively, PC Paint-
brush (PCX) files (ZSoft Corporation, Marietta, GA,
USA), which have been created using a different applica-
tion, can be imported directly into the software. Thus, it is
possible to convert computed tomography (CT) images,
for example, into PCX images and interrogate them ultra-
sonically using Wave2000Pro�. Further details of this
procedure by which the bones were imported are given
below.

Materials’ properties
The numerical model describes the transmission of

ultrasound through several materials. The results from
this depend on the properties of the materials, which
have been input to the model. In this case, the materials
are human body tissues and those of interest here are
cortical bone and trabecular bone. The cartilage layer
had been removed from the bone before the experimental
work (White et al. 2007) and was, therefore, ignored as
our model aims to replicate the experimental results.
The experimental knee was immersed in a bath of water
so the properties of water were also required. In an intact
knee, the bones are surrounded by soft tissue, mostly skin,
fat and synovial fluid and the ultrasonic properties of
these are not so different from those of water as to
make a major difference.

For convenience, the values chosen for the necessary
properties of the materials were taken from the material
library provided with Wave2000Pro. These values are
given in Table 1 and are discussed below. As the software



Table 1. Material properties needed for the software with
values used in the present work

Water
Cortical
bone

Marrow
(castor oil)

r (kgm23) 1000 1850 942
CL (ms21) 1497 2901 1507
CS (ms21) 3.5 1303 57.7
Longitudinal attenuation
coefficient (dBcm21)

0.0007 2.03 0.177

Shear attenuation
coefficient (dBcm21)

153953 16.8 9450

All were obtained from the Material Library Wave2000� Pro ver.
2$00.
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is only capable of simulating ultrasound propagation in an
isotropic medium, only the two Lamé constants l and m

along with the material density r are required for a given
material to be included in a simulation. The two Lamé
constants can be derived from the Young modulus E and
Poisson’s ratio n or the longitudinal velocity cL and the
shear wave velocity cS for a lossless isotropic solid (e.g.,
Kino1987).The twoviscositiesh and x combine to provide
the total amount of viscous damping in the material.

The ultrasonic properties of water are well charac-
terised though it is recognised that these are dependent
on temperature and there may be some small variations
as a result.

Cortical bone is a very variable material and the
literature gives a very wide range of values, suggesting
that the properties depend not only on the species but
also on the specific bone and even location within that
bone. Cortical bone has an anisotropic structure with
the modulus along the bone axis higher than that in the
transverse directions. However, cortical bone is only
present in the knee joint as an outer layer over trabecular
bone and the assignment of axes is by no means clear and
probably varies in an unknown way with location. It was
decided, therefore, to treat cortical bone in this work as
isotropic with an average value of modulus and speed
of sound. The wavelength of the ultrasound in cortical
bone is a few millimetres, much greater than the struc-
tural elements of the bone, so it is a fair assumption to
consider it as a homogeneous material (Nicholson and
Bouxsein 1999).

Trabecular bone is much more difficult to character-
ise. It consists of anisotropic, heterogeneous open-celled
Fig. 1. Reconstructed computed tomography (CT) images of a ri
framework of mineralised tissue saturated in marrow
fluid. The properties of both the bone and marrow have,
therefore, to be considered. As for cortical bone, a very
wide range of values is quoted in the literature. The speed
of ultrasound propagation again differs between different
species and bones. Nicholson and Bouxsein (1999) list
a number of different values for the speed of sound in
trabecular bone from a number of different sources.
Values range from1447ms21 to 3441ms21. In the present
work, the trabecular bone is considered as a mixture of
cortical bone and marrow, with the two components iden-
tified by the grey scale values in the manipulated CT
images of the bone shown in Figure 1. In an alternative,
extreme approach, we also considered the trabecular
bone to be solid cortical bone.

Marrow exists in two forms, red and yellow, and is
a fluid in a living body. In a cadaveric body, it is often
considered as having properties similar to those of fat
(Hoffmeister et al. 2002). In contrast, El-Sariti et al.
(2006) attempted to remove all marrow from a series of
specimens of trabecular bone and found that there was
very little difference in the bulk ultrasonic properties
when the marrow was replaced by water. In the present
work, we have made the common assumption that castor
oil can be used as a model for marrow and used the prop-
erties for this, which are given in theWave2000 Pro mate-
rial properties library.
Preparation of images
CT images of the same human knee described in our

previous paper (White et al. 2007) were used to generate
the geometry files required for Wave2000. A Philips M3
8000D dual slice scanner (Philips Healthcare, Guildford,
Surrey, UK) acquired images with a slice thickness of 1.3
mm and a table increment of 0.6 mm. The CT data were re-
constructed by the scanner software to give a series of
sagittal images with 1 mm spacing through the medial
condyle. The five images shown in Figure 1 are sequential,
going in a medial to lateral direction from left to right and
covering a volumewith a thickness of 4mm. The resolution
of these images was 3.045 pixels/mm.

The precise cortical margins of the medial condyle
and tibial plateau were difficult to identify in these CT
images because of a Venflon (Braun, Germany) needle,
which was used to identify the midsagittal plane of the
ght leg through themidsagittal plane of themedial condyle.



Fig. 2. Combined images of the human right knee with the
Venflon needle removed.

Modelling ultrasound in the knee d D. WHITE et al. 1739
medial condyle and that can be seen in Figure 1. The
cross-section of the volume of tissue represented in
Figure 1 was sufficiently uniform to allow the images 1
to 5 to be combined using ImageJ (National Institutes
of Health, USA) to give Figure 2, so reducing these prob-
lems by allowing the needle to be subtracted.
Fig. 3. Hydrophone positions obtained from plane film radiogr
phone positions with “1” being the most ante
Further manipulation of the image was undertaken
using both ImageJ and PaintShopPro8 (Corel Corpora-
tion, Ottawa, Canada), resulting in a correctly scaled
PCX file with a length of 80 mm and a width of 60
mm, a resolution of 10 pixels/mm and a colour depth of
3. By reducing the colour depth to three shades of grey,
it was possible to assign the relevant material properties
to these individual shades of grey: cortical bone was asso-
ciated with grey level 200, marrow was associated with
the grey level 100 and water was associated with the
grey level 0. The material properties assigned to these
are summarised in Table 1.

Axes were defined on the image of the knee for
convenience and are the same as those used in our exper-
imental work (White et al. 2007). The y-axis is along the
tibia and, as the knee is flexed at about 90�, the x-axis is
along the tibial plateau and approximates to the long axis
of the femur. A grid was drawn using these axes and an
arbitrary origin defined in the corner of the grid.

The simulation grid had a width of 80mm (2400 grid
elements) and a height of 60 mm (1800 grid elements).
A grid ratio of 0.6667 was used. The finite difference
grid elements had a length of 0.05 mm in both the x
and y directions giving a resolution of 21 grid points
per mm. The time step used in the finite difference simu-
lation was 0.0103, which gave a total of 4872 iterations
with a simulation time of 50 ms. Within the simulations,
any shear waves propagating in either the marrow or
aphs of the knee. The numbers identify individual hydro-
rior and “12” being the most posterior.
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the water would be readily attenuated because of the very
high shear attenuation properties of these materials (see
Table1). Thus, these waves would be of no significance
within the simulations and, therefore, the smallest rele-
vant wavelength relates to the longitudinal wavelength
of the 1.5 MHz ultrasound in water, which is in the region
of 1 mm. The geometry files used in the simulations have
a resolution of 10 pixels/mm but because the resolution of
the reconstructed CT images is only 3.045 pixels/mm, the
smallest geometrical detail that can be accurately repre-
sented in the simulations will be no smaller than 0.5
mm. Therefore, the accuracy of the simulation grid was
deemed to be at an acceptable level to ensure stability
and accuracy of the resulting simulations.

The 0.2 mm active element needle hydrophone used
byWhite et al. (2007) was replicated in the simulations by
a 0.2 mm receiver, which was configured in Wave
2000Pro� to have a uniform apodization factor and
measured pressure; the default settings for gain, blanking
and durationwere used. The positions of these receivers in
the simulation model were chosen to reproduce those of
the hydrophone used experimentally. These are shown
in Figure 3 for the centre of the joint. The midline of
the joint is marked on the figure. This is the line where
y 5 36 mm, referred to an arbitrary origin.

Simulations
The simulations were devised to match the experi-

mental set-up adopted by White et al. (2007) as closely
Fig. 4. Representation of Wave2000�Pro simulation model.
ranged from (11.6, 12) on the sim
as possible. In the simulations, as in the experiment, the
knee was held rigidly flexed by 90� and the ultrasound
source was placed 19.3 mm from the medial condyle
(see Fig. 4). A total of 19 separate simulations were
run, each simulating a 2 mm increment in y-coordinate
of the ultrasound source transducer as used in the water
tank. The 2 mm increments correspond to movements
of the source in a superior/inferior direction relative to
the flexed knee. For the simulations, the ultrasound trans-
ducer was modelled as a 22 mm line source with a “void
backing” and a uniform apodization factor. As for the
experimental runs, the source produced a 1.5 MHz sine
pulse for 8 ms with zero time delay. A LIPUS pulse has
a duration of 200 ms. However, pulses of this duration
create spurious capacitative signals in the hydrophone,
which obscure the ultrasound signals in the joint space.
By keeping a pulse length of 8 ms, a close approximation
to monochromacity was found that was well matched to
the typical LIPUS ultrasound signal (White et al. 2006).
Also, a pulse length of 200 ms would take many times
longer to run in the simulations.

The 19 simulations were run a total of six times with
variations to each model. The differences between each
model are given below along with their respective code:

(1) The initial simulations were as those described above
(I 5 initial simulation).

(2) All the viscous losses were removed from each of the
19 simulations (NVL 5 no viscous losses).
Positions for the centre of the 22 mm ultrasound source
ulation grid to (11.6, 48).
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(3) The trabecular bone structure (bone and marrow) was
replaced by solid cortical bone (NT5 no trabeculae).

(4) The joint space was increased by 1mm by translating
the medial condyle e0.5 mm in the direction of the
y-axis and the tibia 10.5 mm in the direction of the
y-axis (P1 5 plus 1 mm).

(5) The joint space was increased by 2 mm by translating
the medial condyle e1.0 mm in the direction of the
y-axis and the tibia 11.0 mm in the direction of the
y-axis (P2 5 plus 2 mm).

(6) The joint space was increased by 3mm by translating
the medial condyle e1.5 mm in the direction of the
y-axis and the tibia 11.5 mm in the direction of the
y-axis (P3 5 plus 3 mm).
RESULTS

Figure 5 shows the simulated 1.5 MHz ultrasound
pulse at four time points as it propagates through the
knee joint. At t 5 40 ms, the ultrasound pulse is seen
beginning to leave the posterior region of the joint space
Fig. 5. Simulated 8 ms ultrasound pulse at t5 10 ms, 20 ms, 30
sound source centre at x 5 11.6 mm, y 5 36 m
with reduced amplitude. A feature within Wave2000
Pro� has been used to enhance the contrast of the dis-
played simulation; in fact the pulse at t 5 40ms has
much smaller amplitude relative to the initial pulse than
is suggested by the relative brightness of the images.

All lines drawn on the graphs shown in Figures 6 to
9 are purely to help locate the points plotted and have no
physical meaning. The normalised readings for the
experimental results with the hydrophone in position 1
and the simulated results with the receiver in positions
1 to 12 are shown in Figure 6. The graphs in Figure 6
suggest that there is a 24 mm window in the superior/
inferior direction in which to place the centre of the
22 mm diameter planar ultrasound source so that the
ultrasound penetrates the joint. Outside this, the inten-
sity of ultrasound within the joint falls away rapidly.
This 24 mm window corresponds to a y coordinate for
the centre of the ultrasound source of between 20 and
44 mm.

It can be seen from Figure 7 that the ultrasound pres-
sure decreases in an anterior-posterior direction for both
ms and 40ms. The pulse generation started at t5 0. Ultra-
m. The white bar is the source transducer.
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Fig. 6. Normalised hydrophone readings and receiver readings for simulations I, NVL, NT, P1, P2 and P3.
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the experimental results and the six simulations. By
comparison, however, the decrease is more marked with
simulations 1 (I), 2 (NVL) and 3 (NT). This is perhaps
more clearly shown in Figure 8 in which the differences
between the experimental results and the simulations
1 (I), 2 (NVL) and 3 (NT) are seen to tend to increase
in an anterior-posterior direction. Figure 8 shows that
for all 12 receiver positions, simulation 6 (P3) matches



Fig. 7. Normalized mean hydrophone readings in dB for the cadaver knee plotted with the mean normalized receiver
readings in dB for each of the six simulations. The 12 hydrophone/receiver positions have been identified. All readings

taken with the ultrasound source centralised over the joint centre (y 5 36.0 mm).
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the experimental results more closely than any of the
other five simulations. Interestingly, there is a sudden
drop in ultrasound pressure moving from hydrophone/
receiver position 8 to 9, which, according to White
et al. (2007), is caused by an ultrasound shadow cast
Fig. 8. Difference between the normalized hydrophone readin
readings for the cadaver knee in dB. The 12 hydrophone/rec

with the ultrasound source centralized ov
immediately behind the medial condyle. Although this
is seen in both the experimental results and the simulation
results, this is the region where we see the greatest differ-
ence between the experimental results and those from
each simulation.
gs (experimental results) and the normalized simulation
eiver positions have been identified. All readings taken
er the joint center (y 5 36.0 mm).



Fig. 9. Difference between the normalized simulation 1 readings and the normalized simulation readings for each of the
other simulations in dB. The 12 hydrophone/receiver positions have been identified. All readings taken with the ultra-

sound source centralized over the joint center (y 5 36.0 mm).
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DISCUSSION AND SUMMARY

It is clear that the simulations provided a good agree-
ment with the experimental data in this specific model of
ultrasound propagation through a flexed cadaveric human
knee joint. Some slight differences can be noticed, though,
for instance the window for placing the centre of trans-
ducer would seem to be about 24 mm (joint centre line
612 mm) from the simulations whereas it was measured
to be 28 mm (joint centre line 614 mm) in the experi-
mental results (White et al. 2007). This is only a small
difference, will depend on the necessary signal intensity
for therapeutic effects and would scarcely be noticed in
the clinic.

It may be inferred that this gives some confidence in
the application of this computer simulation method as
a means of determining whether ultrasound can propa-
gate through different anatomical regions in which bone
is present.

Figures 7 to 9 show that when viscous losses
are removed from simulation 2 (NVL) the greatest
differences in the normalised receiver readings are seen
in the anterior regions of the knee. However, in the
posterior regions of the joint the mean normalized
receiver readings are very similar for models simulation
1 (I), simulation 2 (NVL) and simulation 3 (NT),
suggesting that the majority of ultrasound attenuation in
this instance may be due to the geometry of the bone
surfaces. The inclusion of trabecular bone in the model
(simulation 1 vs. simulation 2) appears to have little
effect on the ultrasound pressure in the joint space.
Although this may because the trabecular bone model
used was inadequate, it also offers the possibility of
reducing the complexity of the simulation model by not
having to create detailed models of trabecular bone and
is worthy of further investigation.

The results presented in Figures 7 to 9 show that
changes to the geometry of the joint space had the
greatest effect on the results (simulations 4, 5 and 6).
This is to be expected because the dimensions of the
joint space under investigation are close to the
wavelength of the incident ultrasound pulse and
therefore any differences, even slight, can have a major
effect. A consequence of this for further modelling in
other anatomic regions is that, as dimensional accuracy
is so significant, great emphasis must be placed on
ensuring the accuracy of the CT (or other) images used
to generate the geometry files.

A limitation of this work may be the necessity of
working in only two dimensions through lack of
computer resources to tackle the size of simulation grid
needed in three dimensions. However, to a first approxi-
mation, this may not be as severe a limitation as it would
seem. Figure 1 shows that the cross-section of the medial
condyle of the knee is uniform over a width of at least
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4mm, so that there is little out-of plane geometry variation
to concern the model. The ultrasound beam from a trans-
ducer of the size used at this frequency gives a uniform
beam in a forward direction in water over a large part of
its area at the distances considered. This shows that, in
this case at least, 2-D simulations of ultrasonic pro-
pagation can be very useful in understanding a three-
dimensional (3-D) problem.A 3-D version of the software
is now available, but, in this geometry, it is not certain that
it would provide very different results in the solution of
this problem.

Based on thework undertaken here on the knee, with
a relatively simple geometry, we believe that simulations
of ultrasonic propagation in other anatomical sites can
(even in 2-D) provide useful information that could be
used to direct experimental work or inform clinical deci-
sion making about transducer placement. Clearly, this
work is limited and should not be used to predict the
intensities of therapeutic ultrasound in patients.
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