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Abstract: Focused ultrasound systems guided by
magnetic resonance imaging (MRI) and
thermometry have recently made possible the
non-invasive thermal ablation of benign tumors
such as uterine fibroids in clinical practice. Much
more work is however required in order to make
this technology available for the treatment of
other forms of cancer. One of the major
difficulties is associated with the presence of
blood vessels that are an important cause of
temperature  inhomogeneity preventing the
optimal control of temperature required for a
successful outcome. To address this problem,
focused ultrasound treatments have been
simulated for a homogeneous block of muscle-
like tissue with either one or multiple discrete
vessels. Our results indicate a wide variability in
the achieved temperature and thermal dose
distributions during the different treatments. We
have shown that this variability can be greatly
reduced with a treatment planning that takes into
account the presence of blood vessels and blood
flow.
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1. Introduction

High-intensity ultrasound fields can be
focused on targets deep inside the human body
into small regions with dimensions on the order
of 1 mm. The resulting temperature increase at
the focal spot can be used for applications such
as cancer cell killing [1,2], to facilitate local drug
delivery [3,4], for the control of gene therapy [5]
and for blood brain barrier disruption [6].
Focused ultrasound (FUS) systems, which are
capable to deliver non-invasive thermal
treatments under MRI guidance and using MRI
thermometry for temperature measurements,
have been recently approved by the Food and
Drug Administration for the treatment of uterine
fibroids [7]. Although this is a very promising
first step, much more work remains to be done to

allow the clinical implementation of MRI guided
FUS for other medical applications such as
thermal ablation of malignant tumors and for
enhancing local drug delivery at the cancer
location.

The development of an ultrasound treatment
planning capable of predicting the complete
three-dimensional temperature and thermal dose
distributions in the treated area will be essential
for the successful clinical implementation of
MRI guided FUS.

Besides factors such as absorbed power,
thermal conductivity and specific heat, blood
flow is the main parameter which determines
temperature distribution in tissues. Several
models which incorporate the influence of blood
flow to some extent have been developed to
calculate temperature distribution in tissues. In
this study, we will employ the bio-heat transfer
model developed by Lagendijk and co-workers
[8,9]. This model is capable to describe the
thermal behavior of individual vessels and
contrary to the more commonly used Pennes bio-
heat equation [10], can predict more accurately
the overall temperature distribution
inhomogeneity.

2. Governing Equations

In our simulations we have used Comsol Heat
Transfer module 3.5a with Matlab R2009b. In
the vessel domain we have solved the heat
transient equation
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where T is temperature, p,=1060 kg/m®is the
mass density, c,,=3840 JKg'K™ is the specific
heat, Kpooe=0.6 W m?* K is the thermal
conductivity, and w axial is blood velocity by
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with V,, mean blood velocity, R vessel radius
and r radial coordinate. The power density
distribution Prys produced by the focused
ultrasound field is modeled as in [11]. Plots of
the power density distribution through the focus
used in the simulations are shown in Fig. 1.

For the vessel sizes and blow flow values,
we have employed the data provided by Green
for the mesenteric vascular bed of dogs [12].

The incoming blood temperature is assumed
to be 37 °C and the convective flux boundary
condition is assumed at the blood vessel exit. A
streamline diffusion stabilization factor has been
applied in the vessel domain.

In the tissue domain, we have solved the
transient heat equation
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where ¢, = 4000 JKg'K™ is the specific heat,
o= 1000 kg/m® is the mass density and ke is
an effective thermal conductivity which takes
into account the blood flow through the smaller
vessels surrounding the larger vessels. Its value
is assumed to be ker= 1.8 W m™ K™ [13]. For the
tissue domain the boundaries are related to the
core temperature by a fixed heat transfer
coefficient h simulating a few centimeters of
tissue with h=k/d and d tissue thickness. The
initial temperature for both domains is assumed
to be 37 °C.

3. Numerical results
3.1 Single Vessel and Focused Ultrasound

As a first study, we have examined a single
artery with the focus at the vessel center and the
vessel running along the axial direction of the
transducer. In this case, Egs. (1-3) can be solved
under axial symmetry. For the purpose of
illustration, we have assumed the following
ultrasound parameters: focus half-power width 4
mm, height 30 mm, peak power density 15=15
W/ cm? (Fig. 1).

We have calculated the temperature increase
after one minute insonation for a large artery
with radius R=1.5 mm, length L= 200 mm and
mean flow velocity V,= 13 cm s?; a primary
artery with radius R=0.5 mm, length L= 100 mm
and mean velocity V,,=8 cm/s; and a secondary
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Figure 1. Typical axial and radial power density
distributions through the ultrasound focus in W/ cm’
used in the simulations.

artery with radius R=0.3 mm, L=40 mm and
V=8 cm/s [12]. The results are shown in Figs.
2, 3, 4. As may be seen, it is very difficult to heat
a large artery, while for a smaller artery, such as
secondary artery, the temperature increase at the
focal plane is significant.

As a second example, we have considered the
situation in which the focus is 1 mm from the
vessel wall. In such a situation the axial
symmetry is lost and a 3D simulation has to be
performed. In Fig. 5 we have shown the
temperature as a function of time for the focus
and a point on the vessel wall at the focal plane.
The ultrasound parameters and the vessel
parameters are the same as in Fig. 3, i.e. we are
considering a primary artery.
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Figure 2. Axial symmetrical temperature increase
reached at the end of a 60 s insonation period in a
large artery. The spatial units are in meter.
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Figure 3. Axial symmetrical temperature increase
reached at the end of a 60 s insonation period for a
primary artery.

As may be seen, when the ultrasound focus is 1
mm from the vessel wall, conditions of thermal
ablation can be very easily reached at the focus
but the temperature at the vessel wall is much
lower. Hence, blood vessels produce regions of
temperature inhomogeneity. For comparison in
Fig. 5, we have also shown the temperature
reached at the focus when no vessels are present.

3.2 Vessel Pairs and Focused Ultrasound

Up to the level of arterioles, venules and
capillaries and with the exception of the
superficial venous system, vessels run in
counter-flow pairs and therefore it is very
important to consider artery-vein vessel pair
systems.
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Figure 4. Axial symmetrical temperature increase
reached at the end of a 60 s insonation period for a
secondary artery.
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Figure 5. Temperature increase as a function of time
for a 60 s insonation period followed by a cooling
period of 120 s. The focus is 1 mm from the vessel
wall.

With the aim of building complexity
incrementally, we have investigated a multiple
artery-vein system located in a homogeneous
block of muscle-like tissue with dimensions 21 x
21x26 mm? (Fig. 6).

For the purpose of illustration, we have
considered the vessel pairs to run in parallel
along the axial direction of the transducer and
having a radius of either 500 um (3 pairs) or 400
um (6 pairs). The distance between the artery
and vein is 0.8 mm for the 500 um pair and 0.6
for the 400 um pair. The focus half-power width
and height are assumed to be respectively 3.2
and 24 mm and the power density distribution is
varied during the treatment.

Figure 6. Computational domain consisting of a
homogeneous block of muscle-like tissue with
dimensions 21 x 21 x 26 mm®,
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Figure 7. Points in the mid-plane of the computational
domain through which the focus is stepped in a
random way.

The thermal treatment of the multiple-vessel
system is simulated by an ultrasound focus that
is stepped through the mid-plane of the
computational domain using different delivery
methods. In treatment (i): the focus is stepped
through the mid-plane of the computational
domain in a random way to avoid thermal build-
up. In treatment (ii): the focus is stepped along a
spiral trajectory starting at the center of the
computational domain and going outward. In
both cases, the number of insonations is 56 and
the duration time for each insonation is 20 s
followed by a 5 s cooling period for a total
insonation time of 1395 s, about 23 minutes.

Fig. 7 shows the points through which the
focus is stepped for treatment (i). The points are
separated by a distance of 2 mm. The focus is
stepped in a random way though the 56 points
with the condition that the distance between one
insonation and the next is at least 8 mm.
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Figure 8. Points in the mid-plane of the computational
domain through which the focus is stepped following a
spiral trajectory.
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Figure 9. Temperature distribution reached in the
mid-plane at the end of the first insonation period for
the random insonation treatment with peak power
density of 17.5 W/cm®.

In the spiral trajectory treatment, illustrated in
Fig. 8, the distance between two successive turns
is 2 mm and the distance between two successive
insonation points is also 2 mm.

Fig. 9 shows as an example of temperature
distribution in the mid-plane at the end of the
first insonation period (20 s) for treatment (i).
The peak power density the simulations is 17.5
Wiem?,

3.3 Thermal Dose Calculation

The overall performance of the treatments is
evaluated by calculating the thermal dose for the
mid-plane of the computational domain. We
have employed the following thermal dose
definition [14]

t
TD(t) = [® TVt )
0
with ®
025 T()<43°C (5)
05 T()>43°C

At 43 °C, a treatment duration of 240 min has
been introduced as a reference for thermal lesion
formation [15]. All thermal dose calculations are
normalized to this standard, with a thermal dose
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Figure 10. Total thermal dose accumulation in the
mid-plane for the random insonation treatment with
fixed power.

of one corresponding to the condition that will
lead to protein denaturation and tissue necrosis.
At first, we have calculated the thermal dose in
the mid-plane for treatments (i) and (ii) while
keeping the power density distribution fixed
during the treatment with 1,=17.5 W/cm®.The
results of the simulations are shown in Figs. 10
and 11. As may be seen in the plots, when the
power is kept fixed, the thermal dose deposition
varies greatly, with the highest peak thermal
dose deposition observed for the spiral treatment.
In both treatments, underdosage around the
vessel pairs is clearly visible.

Figure 11. Total thermal dose accumulation in the
mid-plane for the spiral insonation treatment with
fixed power.
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Figure 12. Total thermal dose accumulation in the
mid-plane for the random insonation treatment with
variable power.

We have then changed the power distribution so
that the peak thermal dose deposition remains in
the range between 230 to 250 min for each
insonation. The total thermal dose at the mid-
plane of the computational domain for both
treatments is shown in Figs. 12 and 13.
Therefore, when the power is changed during the
treatments, the thermal dose deposition is similar
in both cases and the delivery method does not
appear to be as important as in the previous
example. Furthermore, the thermal dose is more
uniformly distributed. However, underdosage is
still visible around the vessel pairs.

Figure 13. Total thermal dose accumulation in the
mid-plane for the spiral insonation treatment with
variable power.



4. Discussion

Blood flow strongly affects the temperature
distribution during an ultrasound thermal
treatment.

When the treatments are delivered without
taking into account the cooling effect exerted by
the blood flow, the resulting thermal dose is
highly variable with regions of thermal damage,
regions of underdosage close to the vessels, and
areas in between these two extremes. This is true
for both delivery methods examined in this
investigation. However, the random insonation
treatment with fixed power has a much lower
peak thermal dose, about 3 to 4 times smaller
than the peak thermal dose obtained with the
spiral delivery method.

When the power has been adjusted as to have
a thermal dose accumulation at each insonation
close to the threshold for thermal damage, the
resulting total thermal dose distribution is more
uniformly  distributed in  both  cases.
Nevertheless, areas of thermal damage and
underdosage are still present.

Since the power required to keep the thermal
dose close to the threshold for thermal damage
varies greatly from one insonation to next even
for nearby points, only a treatment planning able
to predict the overall temperature distribution as
a function of acoustic energy absorption, blood
vessel position and blood flow would be able to
produce the required thermal dose distribution.
Such a treatment planning however would
require the exact perfusion and the location of
the thermally significant intermediate blood
vessels (0.3-0.8 mm) of each individual patient.
Such information is currently not available with
the required resolution. To compensate for this
missing information, thermal control strategies
based on MRI thermometry could be
implemented. These strategies will greatly
benefit from an improvement in the current
resolution of MRI thermometry which is of the
order of one mm while temperature
heterogeneity is expected to be present up to a
level of about 0.3 mm.

5. Conclusions

FUS has been proposed for a variety of
therapeutic applications such as tumor thermal
ablation and as a way to increase local drug
delivery for cancer treatment. The results

obtained in preclinical studies are encouraging
but a better control of the temperature
distribution together with the knowledge of
which level of temperature homogeneity is
necessary in order to achieve a successful
outcome is required.

Although our investigation is only
preliminary and does not take into account the
complexity of the real anatomy, it suggests the
importance of a treatment planning that takes
into account the presence of blood vessels and
blood flow. In addition, it seems to indicate that
the overall temperature heterogeneity caused by
blood flow could be greatly improved during a
FUS treatment provided the availability of blood
vessel data and an efficient tailored strategy for
delivering the ultrasound treatment.
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