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Chapter 1

General Introduction
Cancer is the second leading cause of death in the world [10]. In 2018, cancer has
been estimated to be responsible for 9.6 million deaths [10]. Cancer is characterized
by an uncontrolled division of abnormal cells, as in cancer cells the growth control
mechanism is not so strictly regulated as in normal ones [35]. Moreover, tumor cells
tend to move more freely in the human body than normal cells [35]. This might
cause the spread of the tumor to other regions of the body, causing the emergence
of metastases.
Different types of cancer treatment are available. The most common treatments are
surgical operations [19, 58, 71], chemotherapy [80] and radiation therapy [5]. The
main disadvantages of these approaches concern their invasive nature, the possibility to cause severe side effects, and, in radiation therapy, the use of radioactive
sources.
A non-invasive alternative therapy for the treatment of various types of benign or
malignant tumors [36, 79] is High Intensity Focused Ultrasound (HIFU), a thermal
technique which emerged over the last years [79].
In this chapter, we discuss the use of HIFU for the treatment of soft tissue tumors
(e.g. uterine fibroids) and solid tumors (e.g. osteoid osteoma and bone metastases).

Chapter 1

1.1 High Intensity Focused Ultrasound for the treatment of
tumors
During HIFU therapy, the ultrasound (US) beam is focused on target tissue (focal
region) in the body, such as the tumor, leading to rapid heating of the tissue and
subsequent coagulative necrosis [77, 78]. A schematic explanation of a typical HIFU
procedure is shown in Figure 4.1.

Figure 1.1: A schematic representation of a HIFU treatment mechanism. The transducer elements are immersed in a lossless material, which does not attenuate the US
waves. After traveling through the lossless oil, the US waves are focused on a specific
spot in the human body, usually the tumor. In the focal region, the temperature
increases, leading to a consequent possible ablation. It is important to notice that the
surrounding tissues around the focal region remain unharmed.
HIFU treatments are usually performed under image-guidance using Magnetic
Resonance Imaging (MRI) or US for planning and guidance. MRI-guidance has
the advantage of measuring nearly real-time temperatures using MR-thermometry
techniques such as the Proton Resonance Frequency Shift (PRFS) [37, 46, 64, 69].
This method is suitable for water-rich tissues with a long transversal relaxation time
(T2), and therefore works well for monitoring HIFU ablations of soft tissue tumors,
such as uterine fibroids [73] and, for example, liver cancer [1, 3, 40].
Uterine fibroids are benign tumors which affect the human uterus. They can cause
excessive menstrual bleeding, pelvic pain or pressure, and in sporadic cases they
might lead to reproductive dysfunction [72]. They might be treated with drugs [8]
and, when necessary, with invasive or laparoscopic surgery such as myomectomy
and hysterectomy [8]. Hysterectomy involves the removal of the uterus and might
2
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lead to disabilities after the surgery [27]. Furthermore, it can cause urinary incontinence [7], primary ovarian insufficiency [50] and psychological repercussion [9]. In
light of that, less invasive treatments (e.g. MR-guided HIFU therapy) have emerged
in the last years [20]. MR-guided HIFU (MR-HIFU) treatment of uterine fibroids
focuses on alleviating the pain by reducing the tumor size [56, 74, 83], in a safe and
effective manner [20, 39], with acceptable adverse events [87]. Using MR-HIFU, the
recovery time is shorter compared to the standard treatments [60] with a higher
chance to preserve fertility [14, 20, 60].
MR-HIFU has also been used as an alternative treatment strategy for palliative
treatment of bone metastases [12, 25, 28, 29, 31, 42]. Bone metastases are caused
by the interactions between tumor cells and bone cells [16] and they originate
mainly from breast, lung and prostate cancer [22, 34]. The main symptoms are
bone pain, skeletal fractures, hypercalcemia, anemia and spinal cord compression
[16, 22, 34]. Patients with bone metastases experience a reduced quality of life
[17]. General treatments focus on alleviating the pain, and aim at improving the
patients’ conditions. Traditional therapies involve the use of drugs, corticosteroids,
radiotherapy, surgery and chemotherapy [16, 22, 34]. MR-HIFU procedures are
suitable to treat bone metastases as well, because the bone cortex can be easily
heated using US waves [30]. Such procedures aim at ablating the bone periosteum,
which causes the pain [30]. MR-HIFU treatments have been shown to be technically
feasible [12, 28], effective [25, 42], and safe with promising results [28].
Clinical therapies with MR-HIFU have also been used recently for the treatment
of osteoid osteoma [54, 70, 93]. Osteoid osteoma is a benign but painful neoplasm
[52]. It commonly occurs in children and adolescents [70], between 4 and 25 years
old [96]. It might affect any type of bone, but it usually grows in long bones [66].
Osteoid osteoma can cause bone pain, which often increases during the night
[96]. Treatments involve non-steroidal anti-inflammatory drugs to alleviate the
pain [88]. As osteoid osteoma typically affects young patients, these drugs are
not recommended for long-term use [88]. Other approaches are surgery [88] and
radiofrequency ablation [65]. In particular, radiofrequency ablation is less risky than
surgery [65, 70]. MR-HIFU has been shown to be a valid alternative to the standard
radiofrequency ablation techniques [70], while remaining feasible [93], safe, and
effective [54]. MR-HIFU treatments bring reduction of pain in the first few weeks
after the therapy [70, 75], improving the quality of life of the patients [75] and has
short recovery time [70].
Studies also state that HIFU treatments are a safe and feasible method for the
treatment of malignant neoplasm osteosarcoma [41, 43] and local unresectable
recurrence of osteosarcoma [94]. However, the number of treatments so far is small,
3
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and large-scale randomized control clinical studies are yet to be implemented [92].
Another emerging application is the combination of HIFU with various therapeutic
agents encapsulated in temperature-sensitive liposomes [24] or microbubbles [33].
A schematic representation of the HIFU-liposome delivery mechanism is shown in
Figure 1.2.

Figure 1.2: A schematic representation of HIFU applied to localized drug delivery.
Usually the drug is encapsulated in liposomes or microbubbles. The temperature
increase induced by the HIFU treatment enables the release of the therapeutic agent.

1.2 Models for High Intensity Focused Ultrasound propagation
As stated before, PRFS is used during HIFU treatments to monitor whether a high
enough temperature for ablation is achieved in the target region, while avoiding
undesired heating of the surrounding healthy tissues. However, PRFS does not give
the temperature information in bone due to low T2 (see Figure 1.3). Monitoring
the temperature in bone is of utmost importance, given that the high ultrasound
absorption in the cortex leads to an extremely rapid heating. Such rapid heating
is undesired because it can cause unwanted side effects. Although innovative MRbased thermometry techniques for bone are already being investigated [62, 63],
4
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computer models can play a key role in the accurate prediction and monitoring of
temperature. Such models can predict the temperature increase and the consequent
ablated volume in the focal region.
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Figure 1.3: An example of the temperature data output given by the PRFS thermometry in a slice in the focal region. In the bone (the cylinder) there is no information
about the temperature. The arrow indicates the HIFU propagation direction.
Modeling HIFU propagation in bone poses several challenges, due to the acoustic
and thermal properties of the cortex [23, 55]. Moreover, at the interface of muscle
and bone, all the reflected and transmitted ultrasound waves have to be considered.
As both longitudinal and shear waves play a role in the heating process, it is important to include both longitudinal and shear wave propagation in HIFU models. In
longitudinal waves, the oscillations occur in the direction of the wave propagation,
while in shear waves the oscillations occur at right angle to the direction of propagation. Also, shear wave propagation cannot be neglected if the US waves hit the
muscle-bone interface at an oblique incidence angle [11, 21, 89].
The gold standard for simulating ultrasound propagation is solving the wave equation. The full wave equation can be solved using the finite-difference time-domain
(FDTD) method [4] and the finite-element method (FEM) [90]. The high computa5
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tion time and the huge memory requirements are common features related to these
methods for HIFU propagation, as they need the entire computational domain to
be gridded.
Another generally accepted approach is the angular spectrum plane wave (ASPW)
method [15], which can deal only with flat surfaces. Vyas et al. [85] proposed a hybrid
angular spectrum method to simulate the propagation in more complex geometries.
Another method to model ultrasound propagation is the far field approximation
approach [51], which is valid only for one homogeneous material. A stochastic
ray-tracing approach has been proposed by Koskela et al. [38]. This model is able to
describe the longitudinal ultrasound waves but not the shear waves propagation.
An open source acoustics toolbox used for ultrasound propagation is k-Wave [81],
which allows the simulation of nonlinear ultrasound propagation in heterogeneous
media. Several earlier contributions model the interaction of HIFU with the tissuebone interface [26, 32, 45, 53, 68]. Fuji et al. [21], Lin et al. [44], and Nell and Myers
[55] deal also with the effect of shear waves. A common feature in these papers is
the flat tissue-bone interface, which means that these approaches cannot cope with
realistic bone geometries. Lin et al. [44] derive an analytical steady state solution
of the bio-heat equation for a simplified one-dimensional case, also for oblique
incidence.
Various studies including the shear waves HIFU propagation in bone have been
performed [21, 44, 55, 82]. Nevertheless, these methods tend to neglect the interference between longitudinal and shear waves or use simple transducer geometries.
The latter enables the use of 2D-axisymmetric models. The use of 2D-axisymmetric
models is sometimes necessary to avoid computer memory problems. However,
it reduces the flexibility to adapt the model to transducers composed of multiple
elements and to complex shaped propagation media (e.g. real bone CT data).
Fuji et al. [21] did not include longitudinal and shear wave interaction in bone, as
they focused on the temperature evolution in the portion of muscle close to the
interface with bone. Treeby and Saratoon [82] and Lin at al. [44] calculated the total
heat production density in bone by summing the contribution of longitudinal waves
and shear waves without including interference between the two waves.
Nell and Myers [55] considered bone as a solid-elastic material and they used a
finite-element approach to calculate the temperature, including the interference
between longitudinal and shear waves. However, the used transducer geometry is far
less complex than more realistic transducer geometries, like the Philips / Profound
Sonalleve [37] transducer geometry that we used in this thesis. Their transducer is
composed of one spherically-focused element with a diameter of 8 cm, while the
6
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Philips / Profound Sonalleve system comprises of 256 transducer elements (with 12
cm radius of curvature, 13 cm aperture). Moreover, they used a 2D-axisymmetric
model, not suitable for realistic transducer geometries, which aim to have as little
geometric symmetry as possible to avoid overheating close to the transducer (i.e. in
the near-field)[61] as well as to reduce the presence of grating lobes (secondary main
lobes) [57]. This type of model is also not adequate for complex-shaped propagation
media (such as real bone).

1.2.1 Background: the ray-tracing model
In this section, we briefly describe the model presented in the paper of ten Eikelder
et al. [76] which represents the baseline which lead to the approach described in the
next chapter.

Figure 1.4: At the interface muscle and bone three different rays can be generated:
one longitudinal reflected, one longitudinal transmitted and one shear transmitted.

Ten Eikelder et al. [76] present an approach to compute the temperature rise during
HIFU simulations for bone metastases. Their computation of the temperature trend
for tissues consists of two stages. First, they model the ultrasound propagation
using a ray-tracing approach to compute the heat production density in the given
geometry due to HIFU. Second, they obtain the temperature evolution by solving the
heat equation, using a finite element approach, with the computed heat production
density as the heat source.
7
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In this ray-tracing approach, US waves are modeled as rays of power which leave
each transducer element. The rays randomly target the points inside a circle in the
coronal plane (the plane perpendicular to the US beam). The model takes both
the longitudinal and shear propagation into account when the US travel in the
solid tissues (e.g., bone). As the contribution in the heating process under HIFU of
the shear waves propagation in the soft tissues (e.g., muscle and marrow) can be
neglected, only longitudinal waves propagation is considered in these tissues. At
each interface a ray can potentially split into reflected and transmitted ones (see
the example of a soft tissue - solid tissue interface in Figure 1.4). Therefore, the
reflection and transmission coefficients to adjust the power of the transmitted and
reflected rays are calculated. A schematic representation of the model is shown in
Figure 1.5.

Figure 1.5: Ray-tracing model applied to a configuration with muscle, bone and
marrow. The rays leave the transducer elements and travel through the geometry.

The model is compared with a theoretical method based on the far field approximation [51]. The results of this comparison are shown in Figure 1.6.
The model described in this chapter presents a limitation: the interference between
waves has been omitted both in soft and in solid tissues. The omission of the
interference can be the cause of the over-estimation of the produced power from
the ray-tracing, when compared to the results of the far field approximation (see
Figure 1.6). Moreover, as the ray-tracing model calculates the power loss without
8
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Figure 1.6: Integrated heat production in circles with different radius R in coronal
planes.

considering the phase information, a grid size bigger than the wavelength has been
used (i.e. 2 mm). This limitation has been overcome by the model presented in the
next chapter, where the interference between waves has been included taking the
phase information into account, meaning that also the grid size used is smaller than
the wavelength (i.e. 0.25 mm).

1.3 Visualization approaches for thermal planning
Despite the numerous advantages, HIFU techniques do not reach the high delivery
precision like other therapies (e.g. radiotherapy) [18]. For this reason, a correct therapy planning in HIFU treatments remains a challenge. Therapy planning involves
various aspects, such as the positioning of the focal point, the treatment duration
and the definition of the initial power. A correct visualization of the temperature
development over space and time and the ablated tissue is fundamental to help
clinicians choosing the best treatment and/or evaluating if a patient is suitable
for HIFU therapy. However, a description of HIFU propagation tools addressed to
researchers and clinicians is lacking in the visualization literature.
Amin et al. [2] presented a systematic approach towards HIFU therapy planning.
From this, an extended integrated software platform for HIFU simulations was
9

Chapter 1
described by Wu et al. [91]. Tools for the segmentation, HIFU simulation (including
a bio-heat equation solver) and visualization are integrated in their platform. The
user is able to generate a 3D model from MRI/CT slices of the human body, apply
HIFU simulation and evaluate the temperature evolution. As it is thought as a
first step towards a system usable in a clinical environment, no information is
present about the possibility for the user to complete tasks which are common for a
researcher. Such tasks include, for instance, the extraction of intermediate results
(such as the power produced in the focal region), the possibility to choose different
solvers for the bio-heat equation or the visualization of the thermal dose output.
Moreover details about the overall time for computing a complete simulation are
lacking.
Scott et al. [67] provided an integrated model-based method for focused ultrasound
application in abdominal organs moving due to the respiratory motion. It is not
suitable for the treatment of bone tumors.
Van Straaten et al. [84] developed a prototype to be used in the MR-guided focused
ultrasound workflow. It is mainly related to image processing, allowing the user to
segment and define tumors and organ at risk. Using this tool, the user is also able to
visualize the treated region before and after the treatment. This approach is focused
on prostate therapy planning, and it is not applicable in the case of bone tumors.
Other approaches which make use of models to design treatment planning can be
found in the literature [18, 59]. These works tend to focus on the algorithm/model
they use to obtain the results, i.e., the temperature evolution, neglecting the role of
the visualization in HIFU thermal planning.
More examples addressed to the treatment evaluation and therapy planning can be
found for radiotherapy. As it involves the use of radioactive sources, the common
goal of the treatment planning systems involves the minimization of the damage to
the healthy tissues and the evaluation of the risks due to the dose delivery. Wang
et al. [86] and Chu et al. [13] proposed two approaches to evaluate and compare
different radiotherapy plans for each patient. More focused on the risk evaluation
are the works of Zhang et al. [95] and Brodin et al. [6]. Zhang et al. [95] concentrate
on assessing the risk of secondary cancer due to the radiation dose and Brodin et al.
[6] discuss a decision-support tool to compare the individualized risks of different
therapies.
These approaches are not suitable for HIFU treatment planning for various reasons.
In radiotherapy, the evaluation of the temperature evolution in the tissue is not
important (i.e. radiotherapy planning focuses on the evaluation of the dose delivery).

10

General Introduction
Moreover, all the risks associated to the use of radioactive source are not present in
HIFU treatments.

1.4 Contributions of this thesis
High Intensity Focused Ultrasound (HIFU) is a non-invasive therapeutic method,
which has been a subject of interest for the treatment of various kinds of tumors. In
MR-HIFU treatment, MR-thermometry is used to monitor the temperature evolution
in soft tissue. However, this technique is currently unavailable for bone tissue.
Despite the many advantages, HIFU techniques do not reach the high delivery
precision like other therapies (e.g. radiotherapy). For this reason, a correct therapy planning and monitoring in HIFU treatments, both in soft tissue and in bone,
remains a challenge.
Computer models can play a key role in the accurate prediction and monitoring
of temperature. Moreover, correct visualization approaches are crucial to define,
perform, and evaluate the results of HIFU simulations.
In this dissertation, we present one modeling and two visualization approaches to
be used in HIFU treatments.
In the first part (Chapter 2), we discuss a method to model HIFU propagation in
human body. The results presented in Chapter 2 are published in [47].
In Chapter 2, a modeling approach to compute HIFU simulations is presented. The
method is based on two steps: first, the power deposited is calculated using a ray
tracing computer model. This approach is able to simulate both longitudinal and
shear wave propagation and to describe the interference between waves. Second,
this deposited power is used as heat source computing the solution of the heat
equation. Also, we investigate the role of the shear and the longitudinal interactions
in bone during HIFU propagation.
In the second part (Chapter 3 and Chapter 4) of this dissertation, we propose two
visual analytics approaches to visualize the results of HIFU simulations and to
evaluate HIFU treatments. The methods described in Chapter 3 are based on the
publication [49]. Also, a part of the results in Chapter 4 has been published in [48].
In Chapter 3, we present HIFUtk, a visualization environment addressed to researchers. HIFUtk enables the researcher to navigate, extract, and explore the data
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and results from the HIFU ray tracing computer model presented in the paper [76].
Last, in Chapter 4, we present HIFUpm, a visual analytics approach for HIFU thermal
planning, to be used in combination with MR-thermometry. HIFUpm supports the
visualization of the HIFU simulation results, while guiding the researcher in the
evaluation of the procedure.
In conclusion, in this thesis we show that computer simulations and visualisation
are valuable tools to support the treatment of cancer patients with HIFU.
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Chapter 2

Modeling the interference between
shear and longitudinal waves

In this chapter, we present a computer ray tracing model that takes also the interference between waves into account. The model was first compared with a
finite element approach that solves the Helmholtz equation in soft tissue and the
frequency-domain wave equation in bone. To obtain the temperature evolution in
the focal region, the heat equation was solved using the heat production density
generated by the ray tracing model as a heat source. Then, we investigated the
role of the interaction between shear and longitudinal waves in terms of dissipated
power and temperature output. The results of our model were in agreement with
the results obtained by solving the Helmholtz equation and the frequency-domain
wave equation, both in soft tissue and bone. Our results suggest that it is imperative
to include both shear waves and their interference with longitudinal waves in the
model when simulating High Intensity Focused Ultrasound propagation in solids.
In fact, when modeling HIFU treatments, omitting the interference between shear
and longitudinal waves leads to an over-estimation of the temperature increase in
the tissues.

This chapter has been published as:
Modena, D., Baragona, M., Bošnački, D., Breuer, B. J. T., Elevelt, A., Maessen, R. T. H., Hilbers, P. A. J.
and ten Eikelder, H. M. M. (2018) Modeling the interference between shear and longitudinal waves
under high intensity focused ultrasound propagation in bone. Physics in Medicine & Biology,
63(23), 235024.

Chapter 2

2.1 Introduction
Considering both longitudinal and shear wave propagation in solid material is
fundamental when modeling HIFU treatments. In the literature, various studies
including shear wave HIFU propagation in bone have been performed [5, 8, 10, 14].
Nevertheless, these methods tend to neglect the interference between longitudinal
and shear waves or use simple transducer geometries. The latter enables the use
of 2D-axisymmetric models. The use of 2D-axisymmetric models is sometimes
necessary to avoid computer memory problems. However, it reduces the flexibility
to adapt the model to transducers composed of multiple elements and to complex
shaped propagation media (e.g. real bone shapes extracted from CT data).
In this chapter, we present a computer ray tracing model for HIFU propagation,
valid in soft tissues and bone. The model calculates the heat production density (in
W/cm3 ) in the focal region and takes the interaction between longitudinal and shear
waves into account. The model is able to deal with complex transducer geometries,
and it can potentially handle propagation media with complex shapes, which makes
it suitable for diverse medical applications. To investigate if our ray tracing method
describes the HIFU propagation correctly, we compared the pressure in soft tissue
and the displacement in bone computed by the ray tracing with those obtained
by solving the Helmholtz equation and the frequency-domain wave equation, in
the case of one transducer element. Then, using a more realistic and complex
configuration with multiple transducer elements (Philips / Profound Sonalleve
system [7]) we investigated the role of the interference between longitudinal and
shear waves, comparing the results given by two versions of the ray tracing approach:
one including the interference and the other neglecting it. In particular, we used
two setups: the first one with only flat interfaces (lossless oil - soft tissue - bone)
and the second one, more realistic, considering the bone as a cylinder with fat and
marrow layers.

2.2 Materials and Methods
2.2.1 Modeling approach
The computation of the temperature trend for tissues under HIFU consists of two
stages. First, the ultrasound propagation has to be modeled, to compute the heat
production density in the given geometry due to HIFU. To calculate the heat produc18

The interference between waves
tion density, a ray tracing approach implemented in MATLAB (MathWorks, Natick,
MA) has been used. To investigate if the ray tracing approach describes the US
propagation correctly, it has been compared with the solution of the Helmholtz
equation in soft tissue and the frequency-domain wave equation in bone, using a
finite element method. Second, the temperature evolution is obtained by solving the
heat equation, using a finite element approach, with the computed heat production
density as the heat source. In this chapter, spatial derivatives of any vector field
∂
v = (v 1 , v 2 , v 3 ) are indicated by a number, i.e. ∂x
v = v ,1 and differentiation with
respect to the time t is indicated by dots, like v̇ .

2.2.2 Computation of the heat source: Ray tracing approach
In the ray tracing approach, ultrasound waves are modeled as rays leaving the transducer element(s), with a certain frequency (harmonic oscillations are assumed).
The orientation of the rays leaving each transducer element is given by a probability
density calculated according to the far field approximation formula [9], which describes the pressure pattern in the far field zone generated by a circular transducer
element (see Figure 2.1). Each ray carries a power, a phase, a wave vector (parallel
to the propagation direction of the rays) and, in case of shear rays in bone, also
a polarization direction. The spatial distribution of the rays emitted from each
transducer element is chosen such that the average intensity emitted by the rays
corresponds to the far field distribution of the transducer element. The power of
the ray W (`), after a distance ` in a material with an attenuation coefficient for
pressure α, is computed as W (`) = W (0)e −2α` . At each interface, the transmission
and reflection coefficients are computed, and all the reflected/refracted rays are
generated, taking a possible phase shift into account. Rays showing the same pattern (i.e. which are generated by the same transducer element, and with almost the
same physical path to an observation point r 0 ) describe waves propagating from
the transducer element to the observation point. Rays with the same pattern have
the same reflection/refraction sequence. To find the contribution of the waves with
this pattern to the total pressure or displacement, the intensity and phase from
the rays in the pattern have been computed. That results in an expression for the
pressure or displacement generated by the considered pattern. Since the considered
wave equations are linear, the pressures (in soft tissue) and displacements (in solids)
corresponding to the various patterns can be added to obtain the total pressure or
displacement. Finally, the total pressure or total displacement is used to compute
the total power loss due to attenuation, which results in heat production. In the
following subsections more details of the various steps are given.
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Figure 2.1: The rays (in blue) leave each transducer element with a direction given by
the far field approximation formula.

Intensity for soft tissue and bone

Figure 2.2: Cube representing a portion of the focal region.

Consider a point r 0 in soft tissue or in bone, and a volume (cube) around it. When
a ray of a given pattern g intersects the cube, the part of the ray inside the cube is
described as an infinitesimally small cylinder with a circular base area ∆A l and a
height s l (see Figure 2.2). The intensity associated to the ray in the cylinder is given
20
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by:

Il =

Wl
,
∆A l

(2.1)

where Wl is the power of the ray. Equation (2.1) holds only in the cylinder with
circular base area ∆A l . Considering that the volume of the cylinder enveloping the
ray is given by ∆A l s l , the contribution of a ray to the total average intensity in the
cube is:
Il

∆A l s l
Wl ∆A l s l
sl
=
=
Wl ,
∆V
∆A l ∆V
∆V

(2.2)

where ∆V is the volume of the cube. The total intensity in the cube around r 0 , for
all the incoming rays with the same pattern, is:

Nr
X

I (g ) =

Il ,

(2.3)

l =1

where Nr is the total number of rays of pattern g intersecting the small cube around
r0.

Pressure in soft tissue
For soft tissue, the (complex) pressure p (g ) in a point r 0 is related to intensity given
in formula (2.3) as:
p (g ) =

q
2Z I (g ) e i φ(g ) ,

where Z is the acoustic impedance and φ(g ) is the averaged phase in the small cube
around r 0 calculated as:
Nr
X

φ(g ) =

φl

l =1

Nr

,

where φl is the phase associated to the longitudinal l -th ray.
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Displacement in Bone
The intensity I L (g ) for longitudinal waves of the same pattern g in bone is related to
the absolute amplitude A of the displacement associated to longitudinal waves by:
1
I L (g ) = ω A 2 ((λ + 2µ)k L + (ξ + 4η/3)ωαL ),
2

(2.4)

where ω is the angular frequency, k L , αL and c L are the plane wave parameters
related to the Lamé coefficients λ and µ, to the first and second viscosities ξ and η
and to the material density ρ (see Appendix 2.5 section 2.5.1).
In the same fashion, the intensity I S (h) for shear waves of the same pattern h in bone
is related to the absolute amplitude B of the displacement associated to shear waves
by:
I S (h) =

1 2
B (µωk S + ηω2 αS ),
2

(2.5)

where k S , αS and c S are the plane wave parameters related to λ, µ, ξ, η and ρ (see
Appendix 2.5 section 2.5.2). An explicit derivation of relations (2.4) and (2.5) can
be found in Appendix 2.5 sections 2.5.4 and 2.5.5. If the intensities are known, the
absolute amplitudes A and B can be easily found from equations (2.4) and (2.5)
respectively.
Then, using the averaged phases for longitudinal φL and shear waves φS that are
also obtained from the rays in the considered pattern, the complex displacements
around r 0 can be written as:
û L(g ) = A e i φL k̃ L ,
û S(h) = B e i φS a ,

(2.6)

where k̃ L is the averaged and normalized wave vector for longitudinal waves with
the same pattern g and a is the averaged and normalized polarization vector for
shear rays with the same pattern h.

Calculation of the total heat production density
The total pressure p (in soft tissue) and the total displacement û (in bone) are
obtained by adding the complex pressures and displacements of the various patterns.
Adding complex values ensures that the interference is included.
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Finally, the total power loss can be computed using:
Q = (ξ + η/3)(

X
l

u̇ l ,l )2 + η

X
l,j

(u̇ l , j )2 + η

X
(u̇ l , j u̇ j ,l − u̇ l ,l u̇ j , j ),

(2.7)

l,j

where u̇ l , j represents the differentiation of the l -th component of the velocity with
respect to coordinate j . Formula (2.7) is still time-dependent, and therefore its time
average 〈Q〉 has to be computed. Details about the derivation of formula (2.7) can
be found in Appendix 2.5 section 2.5.3. The spatial derivatives of the displacements
in expression (2.7) are explained in Appendix 2.5 sections 2.5.6 and 2.5.7. It is worth
mentioning that the time average of equation (2.7) for soft tissue is reduced to the
standard formula:
〈Q〉 = α

¯ ¯2
¯p ¯

Z

,

where α is the attenuation coefficient for soft tissue. The heat production density,
which gives rise to heat production, is found as:
Q̂ = b a 〈Q〉 ,
where b a is the absorption fraction, defined as the actual fraction of power loss
converted into heat, which depends on the tissue type. In fact, not all the power loss
is responsible for the temperature increase, but also other effects like scattering take
place. Typical values of b a for soft tissue and bone can be found in Table 2.1.

2.2.3 Comparison with a finite element approach with only flat interfaces
To investigate if the ray tracing approach describes the US propagation in the correct way, a comparison between the ray tracing approach and the solutions of the
Helmholtz equation in soft tissue and the frequency-domain wave equation in bone
has been done. In the soft tissue portion, the Helmholtz equation with the total
pressure p as unknown is written as:
4p − k 2 p = 0,

(2.8)

where k is the (complex) wave number for soft tissue defined as k = ωc − i α, where
c and α are the speed of sound and attenuation for the soft tissue. In bone, the
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equations to solve are:


2
s

 −ω ρu = ∇·

X


s =
C
lj

l j mn

²mn

m,n







(2.9)

1
² = (∇u + (∇u)T ).
2

where ² is the strain tensor, ρ is the density, s l j are the components of the stress
measure at each point, u(u, v, w) is the displacement vector, and C l j mn are the
components of the fourth-order stiffness or elasticity tensor, which are dependent
on the Young modulus E and the second Lamé coefficient µ, also known as the shear
modulus. In bone, the attenuation is taken into account by including damping:

E = E 0 + i ηe E 0 ,
µ = µ0 + i η g µ0 ,

where η e is the loss factor for Young modulus E , E 0 is the real part of E , η g is the loss
factor for shear modulus µ and µ0 is the real part of µ.
To define the same attenuation for the ray tracing model and for the solution of
equations (2.9), a relation between the attenuation coeffients αL and αS and the
two loss factors η e and η g has been derived (see Appendix 2.5 section 2.5.8).
Equations (2.9) have been implemented for one circular transducer element with
radius 2 mm, using a 2D-axisymmetric model in COMSOL Multiphysics (COMSOL,
Inc., Burlington, MA). The transducer element is immersed in soft tissue, and its
center is at (0,0,0) cm. The ultrasound propagation is along the x-axis and the flat
interface with bone is located at x = 1.6 cm. A schematic representation of the
simulation setup and of the boundary conditions used is given in Figure 2.3. The
comparison with the ray tracing model has been done in terms of the pressure in
the soft tissue and in terms of the displacement field in the bone. The frequency
used is 1.2 MHz (the operating frequency of the Sonalleve system) and the initial
power is 1 W. Usually the system works with higher values of power, but in this case
is not relevant, as long as the same initial power is used for all the approaches used
in the comparison. The soft tissue and bone parameters are shown in Table 2.1. A
comparison between the ray tracing approach and the solution of the frequencydomain wave equation has also been implemented by modeling the bone as a
cylinder (see Appendix 2.5 section 2.5.9).
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Figure 2.3: Simulation setup for the comparison between the ray tracing approach
and the solutions of the Helmholtz equation and the frequency-domain wave equation. The transducer element is immersed in soft tissue and the interface with bone is
located at (1.6, 0, 0) cm. The boundary conditions used are hard boundary conditions
for pressure and displacement. A perfect matching layer (PML) of 1 cm thick is used
to avoid US reflection from the wall at x =0.

2.2.4 Computation of the temperature evolution
When the total heat production density is known, the heat equation can be solved
to find the temperature evolution in the desired volume. The heat equation is
formulated as:

Ṫ (r , t ) = D4T (r , t ) +

D
Q̂(r , t ),
KT

(2.10)

where T is the temperature at position r and time t , D is the diffusion coefficient
KT
defined as D = ρc
with K T the thermal conductivity, ρ the density and c p the
p
specific heat at a constant pressure. The value of Q̂(r , t ) has been modeled by a
step function, i.e., it is equal to the heat production density computed by the ray
tracing model in the point r under sonication, and zero otherwise. We assumed that
there is no heat flux through the boundaries of the system (Von Neumann boundary
conditions) both in soft tissue and in bone. To obtain the temperature rise during
HIFU, a finite-element software package has been used (COMSOL).
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2.2.5 Contribution of shear and longitudinal waves interference
To investigate the role of the interference between longitudinal and shear waves
during a HIFU procedure, the geometry of the phased array transducer in the Philips
/ Profound Sonalleve system has been reproduced by the ray tracing model. The
system is composed of 256 transducer elements, positioned in a spherical shell
and immersed in a lossless material. Each circular element has a radius of 3.5
mm. The system operates at 1.2 MHz, and it creates a cigar-shaped focal region
with a dimension of approximately 2 mm width and 7 mm length. Two numerical
simulations for two different setups have been performed (see Figure 2.4). The first
setup considers flat interfaces only, while the second one models a more realistic
case, including a fat and a muscle layer, as well as a cylindrical bone. The used
working frequency is 1.2 MHz, the initial total power is set at 25 W for the first setup
and 40 W for the second one. The material parameters are given in Table 2.1. In the
first simulation, the total heat production density is computed in bone as a sum
of Q L and Q S , where Q L is the total power loss when only longitudinal waves are
present and Q S is the total power loss calculated when only shear waves are present.
In this case, the interference between longitudinal-longitudinal and shear-shear and
the contribution of shear waves are still taken into account, while the interference
between shear and longitudinal waves is neglected. In the second simulation, the
total power loss in bone is computed using the time averaged version of formula
(2.7), containing the interference information. A comparison of the total power loss
integrated over different volumes (in W) has been done using the first setup for the
two simulations. Each volume is represented by a 3D half ellipsoid with semi-axes in
y- and z-direction (b = c = 0.4 cm), and a length of the remaining semi-axis (a in the
x-direction) between 0 cm and 0.7 cm (see Figure 2.5). Further, the temperature rise
has been computed for both setups, with the heat source applied for 10 s. Both the
total power loss and the temperature rise are computed on a grid with a maximum
spacing of 0.29 mm.

2.3 Results
2.3.1 Comparison with a finite element approach
Figure 2.6 shows the pressure trends computed by solving the Helmholtz equation
for soft tissue and the ray tracing approach for the configuration in Figure 2.3. The
pressure was computed along the central line from the centre of the transducer
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(a)

(b)

Figure 2.4: (a) Simulation setup with flat interfaces. The US waves travel in the
lossless oil for around 6 cm and in the soft tissue for 7 cm, before reaching the bone.
The natural focal point is at (0,0,0) cm. (b) Simulation setup representing the bone
and the marrow using two cylinders with center at (0.5,0,0) cm. The central axis of
the cylinders is parallel to the z-axis. The radius of the bone is 1.5 cm and the radius
of the marrow is 0.4 cm. The US waves travel in the lossless oil for around 6 cm, in the
fat for 7 cm, and in the muscle for around 5 cm before reaching the bone. The natural
focal point is at (0,0,0) cm, inside the bone.

material
soft tissue
fat
bone longit2
bone shear2
lossless oil

Table 2.1: Parameters used in simulations
c
ρ
α
ba
cp
3
[m/s] [kg/m ] [Np/cm]
[-]
[J/Kg K]
1500
1050
0.07
0.351
3720
1
1450
909
0.034
0.35
3736
2025
1.9
0.33
1300
1995
2025
2.8
0.33
1300
1380
1030
0
-

kT
[W/(m K)]
0.537
0.487
0.487
-

1

average of different values in Goss et al. [6]
Nell & Meyers [10]
3
Pinton et al. [11]
2
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Figure 2.5: Half ellipsoid in which the total power loss is integrated. The semi-axes b
and c are fixed, while a can assume a value from 0 cm to 0.7 cm.

element in the x-direction. As the ray tracing model was based on the far field approximation approach, it is considered to give a correct description of the ultrasound
propagation only in the far field zone. The near field distance in the US propagation
direction, for a circular transducer element of diameter d , was calculated as d 2 /(4λ),
where λ is the wavelength. The near field distance with d = 4 mm and w= 1.25 mm
was found to be at 3.2 mm. For x-values smaller than 3.2 mm, the behaviour of the
pressure is not shown. In the far field zone, the two models described an output
with a virtually identical oscillation and similar pressure values.
In Figure 2.7, the x- and y-components (d 1 and d 2 ) of the absolute value of the displacement in the x y-plane of bone given by the ray tracing method and by solving
equations (2.9) for the configuration in Figure 2.3 are shown. The displacement
in the z-direction has been omitted because it was zero everywhere for both the
methods. The peak values for d 1 were 8.74 · 10−7 cm and 9.02 · 10−7 cm, and for
d 2 were 2.98 · 10−7 cm and 3.02 · 10−7 cm for equations (2.9) and the ray tracing
approach respectively. The two models predicted comparable displacements with
regard to the peak values and to the field distribution in the planes, e.g. the low
values assumed by d 2 in the central region of the x y-plane were visible in both the
methods.
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Figure 2.6: Pressure in the soft tissue from the ray tracing output (orange line) and
from the Helmholtz equation solution (blue line). The behavior of the pressure, within
the near field distance, is not taken into account, due to the applicability of the ray
tracing approach only in the far field zone (the far field zone starts at 0.32 cm from
the transducer).

2.3.2 Contribution of shear and longitudinal waves interference

In Figure 2.8, Q v , the total predicted power loss integrated over different volumes
for the ray tracing approach with (R i nt ) and without (R sum ) interference between
longitudinal and shear waves, is shown. Computing Q v with R sum led to an overestimation of the integrated power loss of about 75%.
In Figure 2.9 and 2.11, the predicted temperatures in the x y-plane at time 11 s
for R i nt and R sum for the two setups are shown. When using the first setup, the
maximum temperature increase in bone predicted by R sum was approximately 3.4
times higher than the one given by R i nt . The over-estimation of R sum was also
visible when using the second setup, where the temperature predicted by R sum was
around 4.1 times higher than the one given by R i nt . Higher values of temperature
for R sum were also observed when investigating the temperature trend over time at
point (-1,0,0) cm (see Figure 2.10 and 2.12) for the two setups.
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(a)

(b)

(c)

(d)

Figure 2.7: Component d1 computed by the ray tracing model (a) and by solving
equations (2.9) (c), and d2 for the ray tracing model (b) and by solving equations (2.9)
(d) with only flat interfaces (the used configuration is shown in Figure 2.3).

Figure 2.8: First setup: the blue line represents the total integrated power loss predicted by R sum , while the orange line represents the values of Q v given by R i nt .
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(a)

(b)

Figure 2.9: First setup: temperature values in the x y-plane at time 11s for the models
R sum (a) and R i nt (b). Note that the colorbars do not show the same range.

Figure 2.10: First setup: temperature evolution over time in the point (-1,0,0) cm.
The point is located in the bone, at the interface with the soft tissue. The blue line
represents the temperature predicted by R sum , while the orange line is the temperature
trend given by R i nt .
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(a)

(b)

Figure 2.11: Second setup: temperature values in the x y-plane at time 11s for the
models R sum (a) and R i nt (b). Note that the colorbars do not show the same range.

Figure 2.12: Second setup: temperature evolution over time in the point(-1,0,0) cm.
The point is located in the bone, at the interface with the soft tissue. The blue line
represents the temperature predicted by R sum , while the orange line is the temperature
trend given by R i nt .
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2.4 Discussion
We presented a ray tracing model that describes the HIFU propagation in soft tissue
and bone. Our aim was to investigate the interaction between longitudinal and
shear waves in bone. The method was compared with the solution of the Helmholtz
equation and the frequency-domain wave equation, in the case of one transducer
element. Figure 2.6 shows that the pressure field predicted by the ray tracing approach and by solving the Helmholtz equation agree well in the far field zone. At
a distance within the near field length, the ray tracing method is not applicable,
because the rays are generated according to the far field approximation pattern.
As our model assumes systems that focus on tumors in the far field area, e.g. the
Philips / Profound Sonnalleve, it is logical to focus on the correct description of
the US propagation only in the far field zone. Figure 2.7 shows a pattern in the
displacement field inside the bone, both for the ray tracing model and the wave
equation (e.g. higher displacement in the x- direction close to the interface in the
central portion, and in the y- direction close to the interface in the upper and lower
portions). The results compare very well with only minor differences in the values of
the displacement in the x-direction (see Figure 2.7 (a) and (b)). These minor differences could be due to the small approximation error inherent to the discrete nature
of the ray tracing approach (i.e. the finite number of rays used in the simulations).
The inclusion of shear propagation is crucial when the angle of incidence (θi ) of
US waves on the interface is oblique [3, 5, 15]. Moreover, when θi is between °21
and °52, the energy transferred to the bone by shear waves is more than the energy
transferred by the longitudinal waves in the same interval. In the Philips / Profound
Sonalleve system, the angle between the normal to the outermost transducer elements and the normal to the coronal plane is more than °32. Therefore, in our
system, the shear wave propagation cannot be neglected. Furthermore, Figures 2.8,
2.9, 2.10, 2.11 and 2.12 show that it is important to include in the model both shear
wave propagation and interference (constructive/ destructive) between shear and
longitudinal waves. Figure 2.8 in particular shows that not including the interference
between the two waves leads to an over-estimation of the integrated power loss,
causing an over-estimation of the temperature increase (Figures 2.9, 2.10, 2.11 and
2.10). Not including the interference between shear and longitudinal waves gives an
over-estimation of the temperature increase of about 3.4 times when using the first
setup and of about 4.1 times when using the second setup. This slight difference can
be due to the presence of the curved surface in the second setup, which increases
the presence of shear waves and consequently the interference between shear and
longitudinal waves grows in importance. The general over-estimation given by not
considering the interaction between shear and longitudinal waves may be explained
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by the different phases of longitudinal and shear waves, which give rise to destructive interference. For US waves originating from the very same transducer element,
the interference between longitudinal and shear waves is partially caused by the
different sound velocities that these two kinds of waves have. At the interface of soft
tissue and bone, the generated refracted shear waves show a phase shift with respect
to the incoming wave, which is not observed for longitudinal waves. When the US
waves originate from a different transducer element, also the relative position of
both transducer elements plays a role. For shear waves, the interference also occurs
because of a difference in polarization directions. Hence, for HIFU propagation in
bone, the interaction between shear and longitudinal waves plays an important role
for the temperature evaluation in the focal region.
Several studies about the role of shear waves in HIFU propagation on the temperature output for bone have been performed [5, 8, 10, 14]. Fuji et al. [5] did not include
longitudinal and shear waves interaction in bone, as they focused on the temperature evolution in the portion of muscle close to the interface with bone. Treeby
& Saratoon [14] and Lin et al. [8] calculated the total heat production density in
bone by summing the contribution of longitudinal waves and shear waves without
including interference between the two waves. Nell & Meyers [10] considered bone
as a solid-elastic material and they used a finite-element commercial software package to calculate the temperature, including the interference between longitudinal
and shear waves. However, their transducer geometry is far less complex than more
realistic transducer geometries, like the Philips / Profound Sonalleve transducer geometry that we used in this study. In fact, it is composed of one spherically focused
transducer with a diameter of 8 cm, while the Philips / Profound Sonalleve system
comprises 256 transducer elements (with 12 cm radius of curvature, 13 cm aperture).
Nell & Meyers [10] used a 2D-axisymmetric model, not suitable for realistic transducer geometries, which aim to have as little geometric symmetry as possible to
avoid overheating in the near-field [13] as well as to reduce the presence of grating
lobes [12]. This type of model is also not adequate for complex-shaped propagation
media (such as real bone). In summary, the ray tracing approach is flexible and it
can easily deal with various transducer configurations. Moreover, it can handle 3D
propagation geometries composed of multiples material layers, without becoming
dramatically more memory intensive. This makes the use of the ray tracing model
preferable to software packages for US propagation (e.g. COMSOL), as they often
show a high memory consumption when treating 3D geometries. Our method has
also the potential of handling more complex shapes (e.g. CT data, complex geometry
described by meshes), which are able to describe real bones. Currently, considering
the configuration with 256 transducer elements, the MATLAB version of the code
takes around 50 minutes to generate the power production (in 56000 points) when
a cylindrical bone is present, and around 20 minutes when only soft tissues are
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considered. Therefore, we are currently working on the optimisation of the code, to
reduce the computation time. This may lead to the application of the model for real
bone lesions of patients, extending its usage to a clinical environment (i.e. treatment
planning).

2.5 Appendix
2.5.1 Parameters for longitudinal waves
In bone, with displacement u as unknown, the wave equation has the form :
¶
µ
¶
∂
∂
∇ (∇ · u) + µ + η
4u ,
ρ ü = λ + µ + (ξ + η/3)
∂t
∂t
µ

(2.11)

where λ and µ are the Lamé coefficients, ρ is the material density and η and ξ are
the first and second viscosities. A possible longitudinal plane wave solution for the
wave equation (2.11) is given by:
u(x, y, z, t ) = A k̃ e i (k·r −ωt ) e −αL k̃·r ,

(2.12)

where k is the wave vector for longitudinal waves, k = kkk, k̃ = k/k, ω is the angular
frequency, r = (x, y, z), A is the possible complex amplitude and αL is the longitudinal waves attenuation coefficient.
Using expression (2.12), ∇ · u , ∇ (∇ · u) and 4u can be written as:
∇ · u = A (i k − αL )e i (k·r −ωt ) e −αL k̃·r ,
∇ (∇ · u) = (i k − αL )2 u ,

(2.13)

2

4u = (i k − αL ) u .
Substitution of the equations (2.13) in formula (2.11) leads to:
ρ(−i ω)2 = (λ + 2µ)(i k − αL )2 + (ξ + 4η/3)(−i ω)(i k − αL )2 .

(2.14)

For given material properties ρ, λ, µ, ξ, η and given angular frequency ω, the attenuation coefficient αL and the wave number k can be found from equation (2.14).
In fact, formula (2.14) can be written as follows:
αL 2 − k 2 − 2i kαL =

−ω2 ρ(λ + 2µ + i ω(ξ + 4η/3))
(λ + 2µ)2 + ω2 (ξ + 4η/3)2

.

(2.15)
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Then, introducing C and D as:
q
(λ + 2µ)2 + ω2 (ξ + 4η/3)2 ,
q
D = λ + 2µ +C ,

C=

the following expressions for αL and k finally result by solving equation (2.15):
p
ω ρD
k= p
,
2C
p
ω2 ρ(ξ + 4η/3)
αL =
.
p
2C D

(2.16)

The speed of sound for longitudinal waves can be found from:
p
ω
2C
cL = = p
.
k
ρD
Hence, longitudinal plane waves of the form (2.12) exist for each ω if k and αL are
given by the equation (2.16).

2.5.2 Parameters for shear waves
The shear plane wave solution for equation (2.11) is given by:
u(x, y, z, t ) = B a e i (k·r −ωt ) e −αS k̃·r ,

(2.17)

where k is the wave vector for shear waves, k = kkk, k̃ = k/k, αS is the shear waves
attenuation coefficient, B is the possible complex amplitude and a is the polarization direction vector.
Again, ∇ · u , ∇ (∇ · u) and 4u can be written as:
∇·u = 0 ,
∇ (∇ · u) = 0 ,

(2.18)
2

4u = (i k − αS ) u ,
due to the fact that a and k are perpendicular. Substitution of equations (2.18) in
formula (2.11) leads to:
ρ(−i ω)2 = (µ − i ωη)(i k − αS )2 ,
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which can be written as:
k 2 − αS 2 + 2i kαS =
where M =
αS =

ρω2 µ + i ρω3 η
,
M2

(2.19)

p
µ2 + ω2 η2 . The imaginary part of equation (2.19) gives:

ρω3 η
.
2kM 2

(2.20)

Substitution of formula (2.20) in the real part of equation (2.19) leads to:
k4 −

ρω2 µ 2 ρ 2 ω6 η2
k −
=0.
M2
4M 4

Since M > µ, the only positive solution allowed is:
ρω2
(µ + M ) .
2M 2
p
Defining N = µ + M , the resultant expressions for k and αS :
k2 =

p
ρωN
k= p
,
2M
p 2
ρω η
αS = p
.
2M N

(2.21)

Finally, the speed of sound for longitudinal waves can be found from:
p
ω
2M
cS = = p
.
k
ρN
Hence, shear plane waves of the form (2.12) exist for each ω if k and αS are given by
the equation (2.21).

2.5.3 Derivation of the total power loss
The total acoustic energy E (t ), in a volume V , due to the ultrasound waves propagation in a solid lossy material, is given by:
Z

E (t ) =

V

E (x, y, z, t ) dV ,

(2.22)
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where E (x, y, z, t ) is the energy density on position (x, y, z) at time t . The energy
density E is defined by:
1
E = ρ u̇ 2 + Wp (u) ,
2

(2.23)

where u(x, y, z, t ) is the displacement field, with components u 1 , u 2 , u 3 and Wp is
the potential energy density. The potential energy density in equation (2.23) can be
written as:
Wp (u) =

1 X
c l j mn u l , j u m,n ,
2 l , j ,m,n

(2.24)

where the summation is from 1 to 3 for all the indices and the term c l j mn represents
the components of the elasticity tensor. Substituting in equation (2.24) the values
of c l j mn for an homogenous, isotropic material [2] leads to:
1
2
2
2
Wp (u) = (λ + 2µ)(u 1,1
+ u 2,2
+ u 3,3
) + λ(u 1,1 u 2,2 + u 1,1 u 3,3 + u 2,2 u 3,3 )+
2
(2.25)
³
´
1
+ µ (u 1,2 + u 2,1 )2 + (u 1,3 + u 3,1 )2 + (u 2,3 + u 3,2 )2 .
2
The time derivative of the total acoustic energy in a volume V , due to the ultrasound
waves propagation in a lossy material, is related to the total power loss according to:
Z

Ė = −

Z

V

Q dV −

∂V

F · n dS ,

(2.26)

where the first term represents the total power loss Q integrated over the volume
V and the second term represents the energy flux outside the volume, with F the
acoustic Poynting vector, n the outward pointing normal on the surface S and d S
the surface element on ∂V .
Substituting equation (2.23) in formula (2.22), the time derivative of the total energy
in the volume V becomes:
¶
Z µ
3 ∂W
X
p
Ė =
ρ u̇ · ü +
u̇ l , j dV ,
(2.27)
V
l , j =1 ∂u l , j
Substituting equation (2.11) in equation (2.27) leads to:
Ė =

Z ³
V

Z

+
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V

u̇ · ((λ + µ)∇ (∇ · u) + µ 4u) +
³

´

3 ∂W
X
p
l , j =1 ∂u l , j

u̇ · (ξ + η/3)∇ (∇ · u̇) + η 4u̇ dV ,

´
u̇ l , j dV +

(2.28)
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The terms with factor λ in the first integral of equation (2.28) can be written as:
λu̇ · (∇ (∇ · u)) = λ∇ · ((∇ · u)u̇) − λ(∇ · u)(∇ · u̇) ,

(2.29)

while the ones with factor µ becomes after some rewriting:
µ
¶
X X
µ
(u˙l u j ,l + u˙l u l , j ) .
j

l

(2.30)

,j

Then, from equations (2.29) and (2.30), and using the divergence theorem, the first
term in formula (2.28) becomes:
¶
Z µ
λ(∇ · u)u̇ + µG) · n d S ,
(2.31)
∂V

where G is a vector with components
Gj =

X
(u˙l u j ,l + u˙l u l , j ) .
l

Formula (2.31) describes an energy flux, so the first integral does not contribute to
the total power loss.
Consider now the second integral in equation (2.28), which contains the attenuation
terms, and is responsible for the heat deposition. The term with coefficient ξ + η/3
can be written as:
(ξ + η/3)u̇ · (∇ (∇ · u̇)) = (ξ + η/3)∇ · ((∇ · u̇)u̇) − (ξ + η/3)(∇ · u̇)2 .

(2.32)

The first term in the right-hand side of equation (2.32) is a divergence, and contributes to the energy flux, while the second term contributes to the total power loss.
Then, to rewrite the second integral in equation (2.28) with coefficient η, the vector
field D is introduced, with components:
Dl = η

X
(u̇ l , j u̇ j − u̇ j , j u̇ l ) .
j

So
ηu̇ · (4u̇) = η

X

u̇ j u̇ j ,l l

l,j

´
³X
´
1
η∇(u̇ 2 ) + D − η
(u̇ l , j )2 + ∇ · D
2
η
l,j
³1
´
X
¡ 2
¢
=∇ · η∇(u̇ 2 ) + D − η
u̇ l , j + u̇ l , j u̇ j ,l − u̇ l ,l u̇ j , j .
2
l,j

=∇ ·

³1

(2.33)
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The first part of the last formula is a divergence, and it becomes part of the flux F ,
while the second term contributes to the power loss Q.
Hence, from equations (2.32) and (2.33), the total power loss becomes:
X
X
X
Q = (ξ + η/3)( u̇ l ,l )2 + η (u̇ l , j )2 + η (u̇ l , j u̇ j ,l − u̇ l ,l u̇ j , j ).
(2.34)
l

l,j

l,j

Finally, from equations (2.31), (2.32) and (2.33), the total energy flux (Poynting
vector) is defined as:
F = −λ(∇ · u)u̇ − µG − (ξ + η/3)(∇ · u̇)u̇+
1
− η∇ · ( u̇ 2 ) − D.
2

(2.35)

The formulas (2.34) and (2.35) are consistent with the expression for Q and F given
by Auld [1] and Beltzer[2] for the general case of a general elasticity tensor

2.5.4 Time averaged flux for a longitudinal wave in solids
Equation (2.12) can be written as:
u = Re(U )k̃ ,

(2.36)

where now u is the real-valued displacement and U = A e i (k·r −ωt ) e −αL k̃·r . The spatial
and temporal derivatives of the components of u in equation (2.36) are:
u̇ l , j = k̃ l k̃ j Re (−i ω(i k − αL )U ) ,
which yields:
q
∇ · u̇ = ω k 2 + α2L Re (U2 ),

(2.37)

q
where U2 = e i βU with cos(β) = k/ k 2 + α2L . For a longitudinal wave, taking expression (2.37) into account, the first term in equation (2.35) can be written as:

−λ(∇ · u)u̇ = −λ Re((i k − αL )U )ωRe(−iU )k̃
= λω Re((i k − αL )U )Re(iU )k̃
q
= λω k 2 + α2L Re(e i φU ) Re(e i π/2U )k̃ ,
q
q
where i k −αL = k 2 + α2L e i φ , so φ = π/2+β with cos(β) = k/ k 2 + α2L . To compute
the time average of this part flux, note that:

Re(e i φU )Re(e i π/2U ) = e −2αL k̃·r |A|2 cos(ωt + φ0 + β) cos(ωt + φ0 ),
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where φ0 = k · r + φ A . The common phase φ0 can be omitted for the integral over a
time period.
Since
cos(ωt + β) cos(ωt ) = (cos(ωt ) cos(β) − sin(ωt ) sin(β)) cos(ωt )
and the average values of cos2 (ωt ) and sin(ωt ) cos(ωt ) over a period are
respectively, the time average becomes:

1
2

and 0

1
〈−λ(∇ · u)u̇〉 = λωk e −2αL k̃·r |A|2 k̃ .
2
The second term of (2.35) is computed as:
X
G j = (u̇ l u j ,l + u̇ l u l , j )
l

=ω Re(−iU ) Re((i k − αL )U )

X

k̃ l (2k̃ j k̃ l )

l

= − ω Re(iU ) Re((i k − αL )U ) 2k̃ j
q
= − 2ω k 2 + α2L Re(e i φ U ) Re(e i π/2 U ) k̃ j ,
where φ is the same as above. For the time average this yields again
q
1
〈G j 〉 = − 2ω k 2 + αL 2 e −2αL k̃·r |A|2 cos(β)
2
= − ωke −2αL k̃·r |A|2 k̃ j .
The third term of (2.35) is similar to the first term, only now the divergence is from
the time derivative (velocity) u̇.
−(ξ + η/3)(∇ · u̇)u̇ = −(ξ + η/3) Re(−i ω(i k − αL )U ) Re(−i ωU ) k̃
= (ξ + η/3)ω2 Re((k + i αL )U ) Re(i U ) k̃
q
= (ξ + η/3)ω2 k 2 + α2L Re(e i β U ) Re(e i π/2 U ) k̃ ,
q
where, as before, cos(β) = k/ k 2 + α2L . The time average of the product of the two
real parts depends again on their phase difference γ = π/2 − β, so the time average
of the third term is then:
q
1
〈−(ξ + η/3)(∇ · u̇)u̇〉 = (ξ + η/3)ω2 k 2 + α2L e −2αL k̃·r |A|2 cos(γ)k̃
2
q
1
= (ξ + η/3)ω2 k 2 + α2L e −2αL k̃·r |A|2 sin(β)k̃
2
1
2
−2αL k̃·r
2
|A| k̃ .
= (ξ + η/3)ω αL e
2
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The l -th component of the fourth term of formula (2.35) can be written as:
X
1
−η( u̇ 2 ),l = − η u̇ j u̇ j ,l
2
j

= − ηRe(−i ωU )Re(−i ω(i k − αL )U )

X
j

k̃ 2j k̃ l

= − ηRe(−i ωU )Re(−i ω(i k − αL )U )k̃ l .
=ηω2 Re(iU )Re((k + i αL )U )k̃ l .
Then, the time average becomes:
1
1
〈−η( u̇ 2 ),l 〉 = ηω2 αL e −2αL k̃·r |A|2 k̃ l .
2
2
Finally, the fifth term of (2.35) has components:
Dl = η

X
(u̇ l , j u̇ j − u̇ l u̇ j , j )
j

=

X
j

Re(−i ω(i k − αL )U )Re(−i ωU )(k̃ l k̃ 2j − k̃ l k̃ 2j )

=0.
Hence, also the time average over a period also vanishes.
Combining the results of the five parts, the time averaged energy flux for a pressure
wave is obtained as:
1
〈F L 〉 = e −2αL k̃·r |A|2 ω((λ + 2µ)k + (ξ + 4η/3)ωαL )k̃ .
2

(2.38)

Finally, the intensity for a longitudinal wave is defined as the length of the Poynting vector expressed in formula (2.38). Hence, the time averaged intensity of a
longitudinal wave in a solid is:
1
I L = ω A 2 ((λ + 2µ)k + (ξ + 4η/3)ωαL ).
2

2.5.5 Time averaged flux for a shear wave in solids
Equation (2.17) can be written as:
u = Re(V )a ,
42
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where now u is the real-valued displacement and V = B e i (k·r −ωt ) e −αS k̃·r .
The terms ∇ · u, ∇ · u̇ can be written as:
∇·u = 0 ,

(2.40)

∇ · u̇ = 0 ,

since a and k̃ are perpendicular.
For a shear wave, taking expressions (2.40) into account, the first and the third term
of equation (2.35) vanish.
The second term of formula (2.35) can be written as:
X
G j =ωRe(−iV )Re((i k − αS )V ) a l (a j k̃ l + a l k̃ j )
l

= − ωRe(iV )Re((i k − αS )V )k̃ j
q
= − ω k 2 + α2S Re(e i π/2V )Re(e i (π/2+γ)V )k̃ j ,
q
where again cos(γ) = k/ k 2 + α2s . For the time average the phase difference between

the two real parts leads again to a factor 12 cos γ :
q
1
〈G j 〉 = −ω k 2 + α2S e −2αS k̃·r |B |2 cos(γ)k̃ j
2
1
−2αS k̃·r
2
|B | k̃ j
= − ωke
2

The l -th component of the fourth term of formula (2.35) can be written as:
X
1
−η( u̇ 2 ),l = − η u̇ j u̇ j ,l
2
j

= − ηRe(−i ωV )Re(−i ω(i k − αS )V )

X
j

a 2j k̃ l

= − ηRe(−i ωV )Re(−i ω(i k − αS )V )k̃ l
=ηω2 Re(i V )Re((k + i αS )V ) k̃ l
q
=ηω2 k 2 + α2S Re(e i π/2V )Re(e i γV )k̃ l ,
q
where cos(γ) = k/ k 2 + α2S . The phase difference between the two real parts is
q
π/2 − γ, and cos(π/2 − γ) = sin(γ) = αS / k 2 + α2S . Hence, the time average leads to
q
a factor 12 αS / k 2 + α2S and it can be written as:

1
1
〈−η( u̇ 2 ),l 〉 = ηω2 αS e −2αS k̃·r |B |2 k̃ l .
2
2
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Finally, the fifth term of (2.35) becomes:
X
D l = η (u̇ l , j u̇ j − u̇ l u̇ j , j )
j

=

X

Re(−i ω(i k − αS )V )Re(−i ωV )(a l k̃ j a j − a l a j k̃ j )

j

=0.
Hence, also the time average over a period also vanishes.
Combining the results of the five parts, the time averaged energy flux for a shear
wave is obtained as:
〈P̃ S 〉 =

1 −2αS k̃·r
|B |2 (µωk + ηω2 αS )k̃ .
e
2

(2.41)

Finally, the intensity for a shear wave is defined as the length of the Poynting vector
expressed in formula (2.41). Hence, the time averaged intensity of a longitudinal
wave in a solid is:
IS =

1 2
B (µωk + ηω2 αS ).
2

2.5.6 Time and spatial differentiation of the displacement for longitudinal waves
For longitudinal plane waves, the (complex) displacement in a point r 0 is given by:
u(r 0 ) = k̃ Ae i φL .
The complex displacement around the point r 0 is:
u(r ) = k̃ Ae i φL +(i k−αL )k̃·(r −r 0 ) .
Since the time behavior of u is given by e −i ωt , the complex velocity around the point
r 0 is:
v(r ) = (−i ω)k̃ Ae i φL +(i k−αL )k̃·(r −r 0 ) .
The m-t h component of the velocity is:
v m (r ) = (−i ω)k̃ m Ae i φL +(i k−αL )k̃·(r −r 0 ) .
Differentiation with respect to coordinate n in r 0 leads to :
v m,n (r 0 ) = (−i ω)(i k − α)k̃ m k̃ n Ae i φL .
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2.5.7 Time and spatial differentiation of the displacement for shear waves
For plane shear waves, the (complex) displacement in a point r 0 is given by:
u(r 0 ) = a B e i φS .
The complex displacement around the point r 0 is:
u(r ) = B e i φS +(i k−αS )k̃(r −r 0 ) a.
Since the time behaviour of u is given by e −i ωt , the complex velocity around the
point r 0 is:
v(r ) = (−i ω)a B e i φS +(i k−αS )k̃·(r −r 0 ) .
The m-t h component of the velocity is:
v m (r ) = (−i ω)a m B e i φS +(i k−αS )k̃·(r −r 0 ) .
Differentiation with respect to coordinate n in r 0 leads to :
v m,n (r 0 ) = (−i ω)(i k − αS )a m k̃ n B e i φS .

2.5.8 Loss factors and attenuation coefficients
The relation between the loss factor for shear modulus η g and the shear wave
attenuation αS is straightforward [4]:
ηg =

2αS c S
,
ω

(2.42)

The loss factor η g is defined as [4]:
ηg =

µ00
,
µ0

(2.43)

where and µ0 and µ00 are the real and the imaginary part of the shear modulus µ.
The relation between η l and the longitudinal attenuation coefficient αL is given by
[4]:
ηl =

2αL c L
,
ω

(2.44)
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where c L is the speed of sound for longitudinal waves. Equation (2.44) holds only if
αL c L
αL c L
ω < 0.1. According to the parameters in Table 2.1, ω = 0.094, so the condition is
satisfied. Moreover, the longitudinal loss factor η l is defined as [4]:
L 00
,
L0

ηl =

(2.45)

where and L 0 and L 00 are the real and the imaginary part of the constrained tensile
modulus L.
From formula (2.42), η g = 0.148 and from formula (2.44), η l = 0.188. Therefore, using
expressions (2.43) and (2.45), the complex quantities µ = µ0 + i µ00 and L = L 0 + i L 00
can be found. Then, the complex Young modulus E = E 0 + i E 00 can be derived from:
E=

3µL − 4µ2
.
L −µ

Finally, η E is found using the definition:
ηE =

E 00
.
E0

With the used parameters, η E = 0.149.

2.5.9 Comparison with a finite element approach (3D cylindrical bone)
In this section, a comparison between a finite element approach and the ray tracing
model has been done in terms of the displacement field in a cylindrical bone. The
frequency used is 1.2 MHz and the initial power is 1 W, and the soft tissue and bone
parameters are shown in Table 2.1. The equations to solve with the finite element
approach can be found in section 2.3, and the software package used is COMSOL.

Set-up
The simulation set-up for the ray tracing model is shown in figure 2.13. In COMSOL,
due to the symmetrical nature of the configuration, the wave equation has been
solved only for 1/4 of the geometry (see figure 2.14). To minimize the risk of undesired reflections of the US waves, the boundary conditions used are impedance
boundary conditions for the outer boundaries of the soft tissue, and low-reflection
boundary conditions for the outer boundaries of the bone. Moreover, a perfect
matching layer (PML) has been used to reduce the reflection in the bone.
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Figure 2.13: Simulations set-up for the comparison between the ray tracing approach
and the solutions of the Helmholtz equation and of the frequency-domain wave
equation with a cylindrical bone. The transducer element and the bone are immersed
in soft tissue. The cylinder has a radius of 2 cm with a centre located at (3.6, 0, 0) cm.

Figure 2.14: Simulations set-up in COMSOL for the comparison between the ray
tracing approach and the frequency-domain wave equation with a cylindrical bone.
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Limitations
The current set-up in COMSOL presents many limitations to reduce the memory
usage. In fact a small geometry has been used, as well as a bigger maximum mesh
element size (compared to the one in the ray tracing model). The small geometry
could lead to unwanted reflection at the boundaries, despite the use of impedance
boundary conditions, low-reflection boundary conditions and a PML layer. Using a
bigger maximum mesh element size (in the COMSOL model this value is 0.03 cm,
while in the ray tracing model this value is 0.02 cm) may reduce the accuracy.

Results
A comparison of the x- and y- displacements in the lateral focal plane has been done.
The results are shown in figure 2.15.
The two models present two displacements with comparable shape and values,
however with more differences compared to the case with only flat interfaces. This
could be due to the unwanted reflection which occurs in the COMSOL model, as
well as the choice of the maximum element size of the mesh.
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(d)

Figure 2.15: Component d1 computed by the ray tracing approach (a) and by solving
the frequency-domain wave equation (c),and d2 for the ray tracing model (b) and
by solving the frequency-domain wave equations (d) when the bone is modeled as a
cylinder.
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HIFUtk: Visual Analytics for High
Intensity Focused Ultrasound
Simulation

In vivo research with HIFU systems poses several challenges. A flexible and fast
computer model for HIFU propagation and tissue heating is therefore helpful. In
this chapter, we introduce HIFUtk, a visual analytics environment to define, perform,
and visualize HIFU simulations. We illustrate the use of HIFUtk by applying HIFU
to a rabbit bone model, focusing on two common research questions related to
HIFU. The first question concerns the relation between the ablated region shape
and the focal point position, and the second one concerns the effect of shear waves
on the temperature distribution in bone. These use cases demonstrate that HIFUtk
provides a flexible visual analytics environment to investigate the effects of HIFU in
various types of materials.

This chapter has been published as:
Modena, D., van Dijk, E. V. M., Bošnački, D., ten Eikelder, H. M. M. and Westenberg, M. A. (2017)
HIFUtk: Visual Analytics for High Intensity Focused Ultrasound Simulation. Proceedings of the
Eurographics Workshop on Visual Computing for Biology and Medicine, 73-82. Eurographics
Association.
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3.1 Introduction
Experimental research with HIFU systems poses several challenges. First, experiments using HIFU systems are time-consuming. Further, researchers face technical
problems, for instance, repeated heating of the tissue-mimicking gel causes fast
degradation of the material, limiting its use. Finally, the results of an experiment are
strongly influenced by the initial parameters of the system (e.g. the position of the
transducer elements, the initial power, the electronic steering applied).
A flexible and fast model for HIFU propagation, valid in soft tissue and bone, is crucial for a researcher who wants to predict the temperature increase under different
experimental configurations. Computer models for HIFU propagation can predict
the location and the amount of energy deposition during the treatment. This is
important for therapy planning in a clinical environment, but this is also relevant
at the research level. Furthermore, using an in silico approach can overcome the
limitations of the PRFS thermometry data, which can only be acquired in soft tissues.
Also, the spatial resolution of the temperature map given by the PRFS thermometry
is low compared to the dimension of the treatment region.
In this chapter, we propose HIFUtk to navigate, extract, and fully explore the data
and results from a HIFU ray-tracing based computer model proposed by ten Eikelder
et al. [6], which enables the temperature prediction both in soft tissues and in bone.
HIFUtk enables the model to be more accessible to researchers, by improving the
usability of the algorithms and the performance. Hence, the user is able to obtain
results from HIFU simulation in seconds and can visually explore the simulation
results.
In this chapter, we introduce a visual analytics environment for:

• Defining the experimental set-up in the simulation: material properties, system parameters (e.g. initial power, frequency) and geometry (both by primitives and by extracting CT-data).

• Running HIFU simulations with the possibility to extract and navigate intermediate and final results.

• Overcoming the difficulties of visualizing volumetric temporal data (e.g. the
temperature evolution in a volume)
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3.2 Methods
The typical workflow used in the work of ten Eikelder et al. [6] and the proposed one
to simulate a HIFU experiment are shown in Figure 3.1.
In the typical workflow the user has to define the material parameters in which the
US waves travel (e.g. attenuation coefficient, density, speed of sound) and the HIFU
simulation parameters (e.g. frequency, initial power, transducer position, position
of the focal point). In the same fashion, the geometry of the system (e.g. muscle
thickness, bone position, bone inclination) has to be specified.
Once this first step is done, the user can proceed with the HIFU simulation, based
on the ray-tracing model described in the work of ten Eikelder et al. [6]. The output
of this method is not yet the temperature evolution, but the power produced in the
focal region Q(x, y, z), which is used in the next phase as heat source for the solution
of the heat equation.
The solution of the heat equation is computed with a finite element method in
COMSOL Multiphysics (COMSOL, Inc., Burlington, MA), and the user has to redefine both the geometry and the material parameters. Once the heat equation is
solved, the user is able to extract and analyse the data of the temperature evolution
T (x, y, z, t ) in the region of interest.
From the temperature data, the ablated region can be calculated. The ablated
region can be evaluated using the cumulative equivalent minutes (CEM). The CEM
empirical formula [5] is defined as:
Z tf
R Tr e f −T d t ,
(3.1)
t0

where T is the temperature in a specific point of the material and depends on the
position and the time, so T (x, y, z, t ). Tr e f is a reference temperature (commonly
43°C). This is then integrated over time during the therapy from the start t 0 to end
t f . The parameter R can assume two values: 0.5 if T ≥ Tr e f or 0.2 in the other cases.
The ablation threshold for every material is CEM = 400, so if CEM ≥ 400, the ablation
occurs.
This typical workflow presents many limitations, such as:
• The user has to define the same geometry and parameters in two different
phases and systems.
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• The output of the ray-tracing model has to be exported from the MATLAB
(MathWorks, Natick, MA) environment and imported into COMSOL.

• The definition of the geometry is based only on primitives, so it is impossible
to deal with a complex geometry (e.g. from CT-data).

The new workflow implemented in HIFUtk enables the user to define the parameters
and geometry only once, and in one step the HIFU simulation and the temperature
evolution are computed. It is important to underline that the user can visualize,
investigate and export both the power produced and the temperature data.
Moreover, the simulation can also be done only at the level of the ray-tracing simulation, without solving the heat equation. This is important in case the user wants to
compare the power production output from the ray-tracing with the output from another US model. The proposed workflow consists of both a computational approach
and a visualization approach.

Figure 3.1: A typical and the proposed workflow. HIFUtk provides a single system
to define a simulation experiment, and visualize the intermediate and final results
(heat production, temperature evolution and CEM).
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3.2.1 Computational Approach
The ray-tracing model
The ray-tracing model proposed by ten Eikelder et al. [6] describes the acoustic power flowing from each transducer element by a number of rays of power,
which randomly target the points inside a circle in the coronal plane (the plane
perpendicular to the US beam). A graphic representation of the model in a simple
muscle-bone-marrow configuration is shown in Figure 3.2.
Whenever a ray hits a material interface it can potentially split into a reflected and a
transmitted one. In the case of fluid solid interfaces there is also a separate shear
and longitudinal transmission (see Figure 3.3). At each interface, the transmission
and reflection coefficient to adjust the power of the transmitted and reflected rays
are calculated.
The first stage of the algorithm (segment collection) is the generation and storage of
all the rays (refracted and reflected). Therefore, the output of the first stage of the
algorithm is a set of rays, each having an origin, intersection point, initial intensity
and end point intensity. The next step (heat production phase) is to combine all of
the ray-segments together to compute the heat production as a function of position
in W /cm 3 . Here the contribution of each ray is stored in a uniform grid with a
certain cell size d x. To do so, ray-marching is used where small steps of size ∆d < d x
along each ray are taken, where at each step the loss in intensity is stored in the
nearest cell in the grid. The amount of energy deposited is the difference in intensity
between two points in the discretization.

The bio-heat equation solver
We used finite difference (FD) methods for solving the bio-heat equation. The user
may need to solve the bio-heat equation using different solvers and boundary conditions according to the dimensions of the geometry. Hence, we implemented a number of different solvers with varying degree of accuracy and different boundary conditions. The solvers available are Explicit Euler, Implicit Euler, Crank-Nicolson, Explicit
fourth-order, Implicit fourth-order and Alternating Direction Implicit Method (ADI).
The user can choose between Dirichlet and von Neumann boundary conditions. For
more details see [7].
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Figure 3.2: Graphic representation of the model.
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Figure 3.3: Shear and longitudinal US waves contribute at the temperature increase
in solid material, such as bone.

Optimization

An important requirement of HIFUtk is to allow the user to run the simulation in
a reasonable amount of time. To achieve this goal, we introduce different optimizations both at the level of the ray-tracing implementation and in the bio-heat
equation solver. We optimised the ray-tracing algorithm by using multi-threading
in the segment collection and in the heat production phase. The multi-threaded
approach was implemented both on CPU and GPU. In the case of 200 rays per
transducer element, the Matlab implementation of the model described in the work
of ten Eikelder et al. [6] took about 1200 s to generate the heat production, while
HIFUtk took less than 2 s. To achieve a good performance, we use Bounding Volume
Hierarchies (BVH) [2, 3] and the closest intersection is found using a fast Ray-triangle
intersection algorithm [4]. Regarding the bio-heat equation solver, we achieve the
optimization using GPU and CPU implementation. The run-time obtained for the
explicit method on a 323 grid with a time step of 0.005 s using the CPU (single
threaded) is 1.9 s, using GPU implementation with multi-threading is 1.48 s and
CPU implementation with multi-threading 0.82 s.
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3.2.2 Visualization Approach

(a)

(b)

(c)

Figure 3.4: Ray-tracing visualization showing the trajectory and type of the rays (a)
and the lateral plane (b). Filtering of the ray-segments based on the type (c) is also
possible. In order to avoid occlusion of the target region by the rays, the user can zoom
into the geometry.

The ray-tracing model visualization
We provide the ray-tracing model visualization to facilitate the user in the investigation of the role of the different ray types in the volume. To do so, all the rays
generated by the ray-tracing algorithm can be shown in a 3D context, including the
transducer elements. The user is not interested in the behaviour and the location of
a single ray, but he may need information about the orientation and the behaviour
of a group of rays. Therefore, in the ray visualization window each ray type has a
distinct color and the user is able to visualize any of these independently. The view
with all the ray types has been implemented for the sake of completeness, but it is
rarely used by the user due to its complexity. Different plane views (coronal, sagittal
and lateral slices) are provided to analyse the rays inside the geometry. Multiple
ray-tracing views are shown in Figure 3.4.
The user can interact with the ray-tracing model visualization in different ways. The
camera can be moved, and the user can zoom in the region of interest. Moreover, the
objects can be rotated and the new rays pattern and the consequent heat production
output are instantaneously re-computed and stored in the results variables. This is
useful when the user wants to analyse the role of shear waves (strongly affected by
the angle of intersection) at different inclination angles.
We also provide an animated visualization of the rays from the transducer elements
till the end of the geometry. While playing the animation, the user is able to select
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the preferred velocity of the rays. This is useful to understand the details of reflection
and refraction of the rays at each interface.

Simulation data visualization
There are three main simulation results the user is able to visualize: the produced
power Q(x, y, z) in the focal region, the CEM quantification and the temperature
evolution T (x, y, z, t ). All results can be visualized in a 3D environment, but the user
is able to cut slices, lines and points to move towards 2D and 1D views.
An effective 3D visualization of the results in HIFU simulation is crucial to get an
overall idea about the treatment effect on the materials (bone/tissue mimicking gel).
For instance, the user may be interested in assessing the dimension of the ablated
region in the focal zone or the maximum temperature reached in the proximity of
the bone. To combine the translucent geometry with volume data, we make use of
depth peeling algorithm [1], which is an order independent transparency technique.
By default the application uses volume rendering and transparent meshes, it is
however possible to show a shaded version with application of a lighting model.
Besides visualising the volume also a surface representation of the scalar field can
be visualised. The two remaining views show either the wire-frame to inspect the geometry, and a solid rendering. The user may be interested in obtaining information
about a specific slice while inspecting 3D data-types, so slices automatically taken
from the coronal, saggital and lateral planes are shown as well (see Figure 3.5).
For comparing HIFUtk results with other outputs we provide 2D views. For instance,
common tasks are the comparison between the HIFUtk temperature output in
the focal planes with the experimental PRFS thermometry output or between the
ray-tracing power production and the one from another model. In this case, it is
fundamental that the color map of the 2D view in HIFUtk is the same as the one
used in the other outputs. Height maps give a better sense of the relative amplitude
of the data value in a specific point. Moreover the user can probe a specific data
value by simply moving the mouse over a data point.
For temporal data comparison, we provide 1D data views. This is useful when
experimental data from temperature sensors have to be compared with the model
output data. As in the 3D and 2D views, the user can interact with the 1D data viewer,
for example the 1D view has the option to examine each data point by hovering the
mouse over it. Moreover, different outputs can be displayed in the same plot. This is
useful when the user wants to compare the temperature trend over time in different
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positions in bone (See Figure 3.6)
The visualization of temporal data-types is solved by the analysis tools where the
maximum, minimum or average value can be shown. It is possible to define a sum
or mathematical expression for an integral over time. The result at any specific timeinterval can be shown by any of the previously described data-view components by
selecting it from the list of available measurements. Besides picking a single time
also a movie playback can be shown, which displays interpolated results over the
calculated measurements.

Figure 3.5: Integration of 3D and 2D views. The slice selected in the 2D view is
automatically shown in the 3D view as well. The dots in the bone in the 3D views are
sensor points defined by the user. The user is able to investigate the temperature trend
in these points (1D plot) in the data component of the system.

3.3 HIFUtk
Figure 3.7 shows the general user interface for a typical experiment. Here the orange
highlighted area in the toolbar is used to open, save and compute the current
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Figure 3.6: 1D view of the temperature trend of the sensor whose position is shown in
Figure 3.5. If the user hovers the mouse over the graph, the data value is automatically
shown.

experiment. The red highlighted area contains all of the different components in an
experiment subdivided into geometry, simulation, data and analysis. Whenever a
component in this tree is selected its properties are shown in the property editor
in blue. If such a component contains spatial data its view is shown in the green
highlighted area. The pink toolbox dynamically shows all of the interaction and
visualisation options for the currently selected view.
After configuring such an experiment, the solution can be computed using the
Compute tool bar button shown in the orange rectangle in Figure 3.7.

3.4 Results
3.4.1 Performance
We assessed the performance of our approach on a PC with an Intel 3550k i5 processor and NVIDIA GeForce 660 GTX graphics processor (GPU). These can be classified
as mid- to high-end hardware and represent a typical workstation. Figure 3.8 show
timings obtained using the HIFUtk implementation. In these experiments the phantom case study is used which has a domain of 15 cm in each dimension with a cell
size of 0.1 cm leading to a heat production of 1503 elements. This does not include
any visualisation or exporting of the results.
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Figure 3.7: Graphic User Interface. The orange highlighted area in the tool-bar is
used to open, save and compute the current experiment. The red highlighted area
contains all of the different components in an experiment subdivided into geometry,
simulation, data and analysis. The property editor is in the blue highlighted area. If a
component contains spatial data its view is shown in the green highlighted area. The
pink toolbox shows all of the interaction and visualisation options for the currently
selected view.

Figure 3.8: Time performance of HIFUtk implementation varying the number of rays
generated per transducer element.
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3.4.2 Experiments with HIFUtk

CT data
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Primitive

Mesh import

Geometry
model
Geometry
Material type
Geometry
Ray-tracer
model

Export mesh

Heat source(s)

Heat source(s)

Geometry

Geometry
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Figure 3.9: Example of experiment configuration. In general, the user is able to
generate data from the simulation itself, but also import data from files. Then the
user is able to do arithmetical operations on the variables stored (e.g. the block
’difference’) and finally to export data.
The experiment simulation pipeline is not static and can be adapted by the user. An
example of such a dynamic experimental configuration is shown in Figure 3.9. Each
of the blocks shown in Figure 3.9 is a component in the simulation and visualization
pipeline. Each component can have one or multiple dependencies that have to be
executed before it. For example the geometry needs to be generated before the raytracing is executed, similarly the ray-tracing model before the bio-heat simulation.
Therefore, the application automatically constructs a dependency graph of all the
components in the pipeline, keeping track of which objects have to be invalidated
at each step.
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3.4.3 Use case: rabbit bone

Figure 3.10: The two different positions of the focal point applied to the rabbit bone.

Figure 3.11: Visualization of the rabbit bone geometry. The bone is surrounded by a
cube of soft tissue.

In this section we illustrate the use of HIFUtk by applying HIFU to a rabbit bone. We
demonstrate the use of HIFUtk focusing on two common research questions. The
first one is investigating the relation between the CEM shape and the focal point
position. The second one is studying the effects of shear waves on the temperature
distribution in bone.
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(a)

(b)

Figure 3.12: Result of the CEM computations in the coronal plane (a) when the focal
point is at position 1. The red region describes the ablated tissue. Result of the CEM
computations in the volume in the same configuration (b). The ablated region is not
confined to the bone tissue, but also affects a part of the tissue-mimicking gel. In a
clinical context, this should be avoided.

(a)

(b)

Figure 3.13: Result of the CEM computations in the coronal plane (a) when the
focal point is at position 2. The red region describes the ablated tissue. Result of the
CEM computations in the volume in the same configuration (b). The ablated region
appears to be more confined to the bone tissue compared to the case when the focal
point is at position 1.
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(a)

(b)

Figure 3.14: Temperature in the last instant of the treatment when shear waves are
disabled (a) and enabled (b). Shear waves propagation increases the maximum
temperature, but the focal point does not change its position.

The shift of the focal point
The goal of an effective treatment of bone is to limit the ablated region in the soft
tissue around the bone. The volume of the ablated soft tissue depends on the focal
point position. Therefore, in this scenario, the research question is: ’how does the
ablated region change shape when varying the focal point position?’. Thus, as a first
step, we compute two HIFU simulations using two different focal point positions,
one at the center of the bone (position 1) and one shifted 6 mm (position 2) (see
Figure 3.10). The ablated region is found computing the thermal dose (CEM) in
the volume, which is dependent on the temperature output. The results of the
first simulation are exported to a file, which is then imported in HIFUtk when the
second simulation is computed. It is important to underline that in vivo experiments
using HIFU systems in this case are clearly not feasible: the bone would have been
compromised after the first ablation.
Geometry and parameters definition. We assume that the geometry of the bone is
already given by segmentation. As the interface between the lossless oil (in which
the transducer elements are immersed) and the soft tissue around the bone is flat,
the soft tissue is modelled as a cube. The final geometry is shown in Figure 3.11. For
each of the two components (bone and cube) we define the material parameters,
like attenuation coefficient, speed of sound and density. A 3D view of the geometry
is available together with 2D views of the coronal, sagittal and lateral planes.
Running the simulation To compute the thermal dose (CEM) we need both the
power produced and the temperature evolution. Therefore, we set up both the
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ray-tracing model and the Bioheat model (see Figure 3.9). In the ray-tracing model
block we specify the simulation parameters like the input power or the focal point
position, as well as the model parameters like the grid size of the result variables
or the number of rays per transducer element. The focal point position from one
simulation to the other is changed simply modifying the focal point offset. The user
can compute different simulations changing the focal point position without defining the geometry and the experimental parameters multiple times, as it happened
in the previous version of the workflow. In the Bioheat model block we specify the
bio-heat equation solver and the boundary conditions, as well as the sonication
time (the treatment duration).
Once a simulation is computed, the user is able to analyse the resulting spatial data.
The user is able to cut slices, lines or point from a data-set in the model editor, and
every data reduction is visualized also in the data view-port (the green area in Figure
3.7). Every data reduction can be identified by name just by hovering the mouse
over it, and the position of the slices, lines or points can be modified by dragging
them using the translation tool. To investigate the effect of the focal point shift, 3D
and 2D views of the ablated region are computed. The 3D views give an overview
of the overall ablated volume, e.g. how big the ablated region is compared to the
dimensions of the bone and the soft tissue. More details can be seen in the 2D views,
such as the exact dimensions of the ablated tissue-mimicking gel around the bone.
The focal point at position 1 gives an elongated ablated region as shown in Figure
3.12. When the focal point is at position 2 the ablated region is much more centred
around the bone (see Figure 3.13). This case is preferable because the heating in the
surrounding tissues is reduced during the ablation procedure.

The effects of shear waves
A common research question, related to US propagation in bone is how much the
shear waves affect the temperature evolution in bone. In this section, we illustrate
how it is possible to investigate this aspect with HIFUtk. Using HIFUtk, it is possible
to enable and disable the shear wave computation in the case of solid materials.
In order to study how the temperature evolution changes depending on the shear
waves, we compute two simulations, both considering and ignoring the shear wave
propagation in bone. As we want to investigate the position of the focal region
and the variation of the maximum temperature in the hottest point, we compute
the temperature in the saggittal slice in a 3D view. Doing so, we get the spatial
information about the focal region (where it is located in the bone) as well as the
maximum temperature reached in the focal plane. Figure 3.14 shows the results. The
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position of the focal region does not vary, but the presence of shear waves increases
substantially the maximum temperature reached in the bone (from 74°C to 113°C).
This means that the effects of shear waves cannot be neglected when modeling
HIFU treatments on bone.

Other research questions
Once the geometry for one experiment is defined, it is easy to obtain different results
by changing parameters and re-computing the simulation. For instance, results
for different input power or duration of the treatment may be obtained without
defining the entire simulation set-up. This makes HIFUtk an advantageous tool for
investigating the effects of HIFU in various types of materials.

3.5 Implementation
The back-end of the application is written in C++, the front end in C# with a WPF
XAML user interface and the middle layer communicating between the two is written
in C++ Common Languages Infrastructures (CLI). Rendering is performed using
OpenGL and GLSL shaders, GPU acceleration is achieved using NVIDIA CUDA GPU
computing.

3.6 Conclusion
We have introduced HIFUtk, a visual analytics environment to define, perform,
and visualize HIFU simulations. Our application allows researchers to get insight
into the propagation of ultrasound waves and temperature development on any
geometry ranging from simple primitives to surfaces extracted from CT data. Using
HIFUtk, a researcher is able to compute simulations in seconds, and access and
visualize all final and intermediate results. Moreover, computing simulations under
varying input parameters can be done without defining the experimental set-up
multiple times. The simulation results can be analyzed and compared in multiple
linked views. Since HIFUtk operates stand-alone, and does not depend on third
party software, researchers are now able to perform their (numerical) experiments
faster, and can more easily compare model simulation results to real data from
sensors or PRFS thermometry.
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[6] ten Eikelder, H. M. M., Bošnački, D., Elevelt, A., Donato, K., Di Tullio, A., Breuer, B. J. T., van Wijk, J. H., van
Dijk, E. V. M., Modena, D., Yeo, S. Y. and Grüll, H. [2016]. Modelling the temperature evolution of bone under
high intensity focused ultrasound, Physics in Medicine and Biology 61(4): 1810–1828.
[7] Thomas, J. W. [1995]. Numerical Partial Differential Equations: Finite Difference Methods, Vol. 22.
URL: http://link.springer.com/10.1007/978-1-4899-7278-1

69

70

Chapter 4

HIFUpm: a visual environment to
plan and monitor High Intensity
Focused Ultrasound treatments

Despite the advantages, HIFU techniques do not reach the high delivery precision
like other therapies (e.g., radiotherapy). Correct therapy planning and monitoring
in HIFU treatments is an important challenge. In this chapter, we propose HIFUpm,
a visual analytics approach that enables the visualization of the HIFU simulation
results, while guiding the user in the evaluation of the procedure. We illustrate
the use of HIFUpm in two cases. The first case concerns planning an ablative
treatment of an osteoid osteoma. The second case concerns monitoring a drug
delivery treatment for a soft tissue tumor located in proximity of a bone. These use
cases demonstrate that HIFUpm provides a flexible visual environment to plan and
monitor HIFU procedures.

Parts of this chapter have been published as:
Modena, D., Bassano, D., Elevelt, A., Baragona, M., Hilbers, P.A.J. and Westenberg, M. A. (2019) HIFUpm: a visual environment to plan and monitor High Intensity Focused Ultrasound treatments.
Proceedings Eurographics Workshop on Visual Computing for Biology and Medicine. Eurographics
Association.

Chapter 4

4.1 Introduction
Despite the advantages, HIFU techniques do not reach the high delivery precision
like other therapies (e.g., radiotherapy) [2]. Correct therapy planning and monitoring
in HIFU treatments is an important challenge. Therapy planning involves various
aspects, such as the positioning of the focal point, the treatment duration and the
definition of the initial power. Herein, computer models for HIFU propagation play
a key role at the level of planning and evaluating a procedure. Such models can
predict the temperature increase and the consequent ablated volume in the focal
region. A correct visualization of the temperature development over space and time
and the ablated tissue is fundamental to help clinicians choose the best treatment
and/or to evaluate if a patient is suitable for HIFU therapy.
We propose HIFUpm, a visual analytics approach for HIFU thermal planning, to
be used in combination with MR-thermometry. HIFUpm enables the visualization
of the HIFU simulation results, while guiding the user in the evaluation of the
procedure. HIFUpm allows the users to:
• Visualize and navigate the results (temperature and ablated volume) from a
HIFU computer model.
• Compare the results of different therapies on the same patient, to establish
which therapy is the most effective and/or if a patient is suitable to be treated
with HIFU.

4.2 Approach
The treatment planning workflow we consider is shown in Figure 4.2.
The focal point position is defined by the user through the test sonication. This
involves the positioning of the focal point using the graphical user interface of
the HIFU system. The position of the focal point might vary, for instance, due to
variation of the magnetic field. The test sonication consists of performing a brief
HIFU sonication with a low initial power (usually around 20 W) and collecting
the temperature information from the MR-thermometry to verify and adjust the
exact position of the focal point. This method is used both when the focal point is
positioned in the soft tissue as well as when the focal point is positioned inside the
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Figure 4.1: A schematic representation of an HIFU treatment mechanism. The transducer elements are immersed in a lossless material, which does not attenuate the US
waves. After traveling through the lossless oil, the US waves are focused on a specific
spot of the human body, usually the tumor. The interference between waves causes
the temperature increase in the focal region and a consequent possible ablation. It
is important to notice that the surrounding tissues around the focal region remain
unharmed.
bone. In the last case, the doctor evaluates the temperature outcome only in the soft
tissue around the bone.
Once the position of the focal point has been established the position of the transducer elements is known. This information is then given to the model and it can
generate data varying the initial power and the treatment duration.
We used a variation of the model described in Chapter 2, based on a ray-tracing
approach in Python. The outputs of the model are the temperature evolution over
time and the CEM. This quantity defines if a region is ablated or not.

4.2.1 Modeling
The ray-tracing approach
Here, we briefly summarize the approach described in Chapter 2.
In the ray tracing approach US waves are modeled as rays of power leaving each
transducer element. At each interface, the reflected and the refracted rays are
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Figure 4.2: The used workflow of the treatment planning strategy.
computed. A representation of the emitted rays during an HIFU simulation can be
found in Figure 4.3. The power of a ray decreases accordingly to the attenuation
coefficient of the material it traverses. So, after a distance x, the power of the ray is
calculated as:
P = P 0 e −2αx ,

(4.1)

where P 0 is the power of the ray when it hits the material and α is the attenuation
coefficient of the material.
Every ray carries also phase information, which is necessary to calculate the interference between waves in the focal region. When a ray hits a solid material, the
generated refracted rays can be two, depending on the angle of incidence of the ray:
one longitudinal and one shear. These two types of wave travel through the tissues
with different velocities and they oscillate with different orientations. When all the
rays are generated, the power deposited in W/cm3 is calculated. To do so, a grid
is applied to the focal region. Every point of the grid is the center of a cube which
has dimensions 0.2 x 0.2 x 0.2 mm3 . The grid size has been chosen much smaller
than the wavelength. For every cube the power deposited is calculated. In many
models which take into account both the shear and longitudinal waves, the total
power deposited is calculated as Q t = Q L +Q S , where Q L and Q S are respectively the
power deposited generated by longitudinal and shear waves. In this way, the interference between the two types of waves is not considered. In the ray-tracing model,
the power deposited in each small cube, is calculated according to the equation
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introduced in Chapter 2:
Q t = (ξ + η/3)(

X
l

u̇ l ,l )2 + η

X
l,j

(u̇ l , j )2 + η

X
(u̇ l , j u̇ j ,l − u̇ l ,l u̇ j , j ),

(4.2)

l,j

where ξ and η are the first and second viscosities of the material and u̇ l , j represents
the differentiation of the l -th component of the velocity, with respect to coordinate
j . As the displacements u are obtained by adding the complex displacements (in
solid tissues), it is ensured that the interference is included.
In our uses cases, the model has been applied to a geometry with fat, muscle and
bone, however it can work with other types of tissues and organs (e.g. vessels).

Figure 4.3: The ray-tracing model. The blue dots represent the transducer elements
which are immersed in a lossless material, with attenuation coefficient zero. At each
interface, the direction and the power of the rays are calculated accordingly to the
laws of reflection and refraction.

Temperature and Ablated Region
When the power deposited Q t is computed in the grid, it is then interpolated over a
tetrahedral volume mesh with a maximum grid size of 0.2 mm. Then Q t is used as
heat source while solving the heat equation. Finally, we calculated the CEM. The
CEM quantity is calculated as in Chapter 3.
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(a)

(b)

(c)

Figure 4.4: 3D view of the entire geometry (a). The transducer elements are represented as the black dots, while fat and muscle layer are represented as the flat planes,
F and M respectively. The 3D view allows the user to visualize volumetric data such
as the ablated region (in red (b)) and regions where the temperature is higher than a
value, selected by the user (in violet (c)). The 3D view is linked to the 2D views as it is
possible to exactly locate the planes that are shown in the 2D views (c).

4.2.2 Visualization
Usually the HIFU systems (e.g. the Philips / Profound Sonalleve system [4]) present a
user interface to visualize the temperature data calculated by the PRFS thermometry
in the soft tissues. The user is able to see the temperature evolution over time in the
three focal planes. The limitations of the system user interface are:
• No temperature data are available in bone.
• The temperature is not calculated over the volumes, but only in the three focal
planes.
• No CEM data are available in the tissues.
• The user is not able to explore and interact with the data.
• The user is not able to compare different treatments.
Using computer models to evaluate the HIFU treatments it is possible to obtain
not only the temperature evolution (both in soft and bone tissues), but also the
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ablation volume. Moreover, our visualization approach allows the user to explore
and interact with the data and to easily compare the output of different treatments.
To do so, we use 3D, 2D and 1D views.

Visualization for ablation procedures
We use 3D views to give a general overview of the geometry e.g. the dimensions of
the tumor, where the tumor is positioned with respect to the transducer elements
and/or the thickness of the fat and muscle layer (see Figure 4.4 (a)). Moreover, the
user can interact with the view, and he is able to choose the volumetric data to
visualize (see Figure 4.4(b) and (c)). 3D views are also used to give the exact position
of the planes that are shown in the 2D views (see Figure 4.4 (c)).
Two 2D views give information about the temperature and the ablated area within
a certain plane. The first 2D view (see Figure 4.5) shows both the temperature and
the ablated area. To do so, we represent the ablated area using a solid color, and the
temperature regions as isolines. The reason is that a physician might be interested
in evaluating the dimensions of the ablated area, as well as where the temperature
is higher than a certain value.
The second 2D view offers the possibility to compare the ablated areas for different
treatments. In particular, a treatment might result in less tumor ablated in a certain
plane, and the user may want to find easily a treatment that increases the ablation
of the tumor. An example of the use of this view can be found in Section 4.3.1 and it
is shown in Figure 4.13. In both the 2D views, the user is able to navigate through
the volume using the sliders as well as the scroll wheel.
1D views are used to show the ablated area of the healthy tissue and the tumor only
in the planes where the tumor is present. In this way, the user can focus on the
tumor ablation and its surrounding tissues. The first 1D view (see Figure 4.6) shows
the ablated region (in mm2 ) for a particular treatment. Other than that, the second
1D view shows three different quantities of a certain plane:

• AD : Actual Data. The ablated area in the current plane for the treatment that
the user is currently investigating.
• MTAv: Most Tumor Ablated volume. The ablated area in the current plane for
the treatment that ensures the maximum volume of tumor ablation.
• LHAs: Least Healthy Ablated slice. The ablated area in the current plane
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Figure 4.5: The CEM and the temperature regions for a certain plane. The ablated
area is visualized as a solid color (red), and the temperature regions as isolines (blue).
Each portion of area included in a certain isoline represents the location where the
temperature is above the displayed value.

Figure 4.6: Tumor ablated (TA) and healthy tissue ablated (HA) for every plane. This
view gives a general overview about the effects of the treatment on the tumor and on
the healthy tissue ablated.
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for the treatment that ensures the least area of healthy tissue ablated (in the
current plane).

In the second 1D view, the user is able to navigate through the volume using the
slider as well as the scroll wheel. An example of the use of this view is given in
Section 4.3.1.
2D and 1D views are provided with toolbars which allow the user to interact with
the plots (e.g. zoom and/or save).

Visualization for drug delivery

Figure 4.7: 1D and 2D views of the visualization method for drug delivery. (a) and
(b) show respectively the area of the tissues where the temperature is higher than
certain values (T1 and T2 ) and the maximum temperature reached in the planes. 2D
temperature regions are shown in (c) and the temperature evolution over time in the
focal point is shown in (d).
The visualization approach used for ablative treatments can be adapted for monitoring drug delivery therapies. During drug delivery, there is no ablation, and the
main tasks of the user include:
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• to evaluate where the temperature reaches certain values (T > T1 and T2 ).
• to verify if the temperature in the focal region remains stable.
• to verify that the maximum temperature is not higher than a certain value (T
< Tmax ).
In this case, 1D views (see Figure 4.7 (a) and (b)) show respectively the area of
the tissues where the temperature is higher than certain values (T1 and T2 ) and
the maximum temperature reached in the planes. As in the approach for ablation
treatments, these views refer only to the planes where the tumor is present.
As the user is interested in monitoring the stability of the temperature in the focal
region, a 1D view which shows the temperature evolution over time in the focal
point has been introduced (see Figure 4.7 (d)).
Finally, the 2D view (see Figure 4.7 (c)) and the 3D view remain the same as in the
case of ablation procedures.
During drug delivery therapies, it is not necessary to compare many different treatment options, as the treatment duration and the initial power do not vary much
from one treatment to another. In fact the treatment duration is generally long and
the power used is low, and the small variations would not affect the temperature
output much. Therefore, in this case, it is more important to verify that the temperature remains stable, without causing damages in the volume. Using HIFUpm,
the user is able compare the temperature output at different instants of time for the
same treatment. So, the user is provided with the information about the variation of
temperature in the focal region, and the maximum temperature reached to avoid
damages. An example of the use of this approach is given in Section 4.3.2.

4.2.3 HIFUpm
Figure 4.8 presents an overview of HIFUpm for tumor ablation treatment. The red
highlighted area is used to change the treatment to investigate by setting the initial
parameters (initial power and treatment duration). The blue highlighted area shows
the data calculated only in a portion of the geometry i.e. where the tumor is present,
while 2D and 3D views show the data calculated in the total geometry. In the green
highlighted area, the user can compare different treatments.
Figure 4.9 presents an overview of HIFUpm for drug delivery treatment. The red
highlighted area is used to set the specific instant of time when the temperature
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Figure 4.8: HIFUpm interface for treatment planning of tumor ablation. The red
highlighted area is used to set the initial power and treatment duration of the treatment to investigate. The blue highlighted area shows the data calculated only where
the tumor is present, while 2D and 3D views show the data calculated in the total
geometry. In the green highlighted area, the user can visualize and compare the results
of different treatments.
output is shown. The blue highlighted area shows the data, at a certain instant of
time, calculated only in a portion of the geometry i.e. where the tumor is present.
The plot in the green highlighted area shows the temperature evolution over all the
instants of time in the focal point.

4.2.4 Implementation
The model has been implemented in Python. The heat equation has been implemented using the free source software freeFem++ [3]. The GUI has been written
in Python, using PyQt. The 3D rendering has been implemented using VTK, while
the 2D and 1D views are implemented using Matplotlib. Python has been chosen
because it makes available the library Matplotlib, where all the equations of the
model can be implemented easily. Moreover, Python provides a simple way to use
all the visualization potential of VTK ensuring the implementation of a functional
interface for the user.
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Figure 4.9: HIFUpm interface for drug delivery treatment. The blue highlighted area
shows the data, at a certain instant of time, calculated only where the tumor is present.
The user can choose the instant of time when the temperature is calculated using the
red highlighted area. The plot in the green highlighted area shows the temperature
evolution over all the instants of time in the focal point.

4.3 Results
4.3.1 Use case: Osteoid Osteoma
We used HIFUpm to evaluate and compare the results of different HIFU ablation
treatments on an osteoid osteoma. In Figure 4.10 the schematic representation of
the treatment setup is shown. Different layers are present: lossless gel, fat, muscle
and bone. The bone is composed of the cortical bone and the marrow. The bone
and marrow boundaries are extracted from CT data. The tumor is located in the
cortical bone. The ray-tracing computer model is used to obtain the temperature
evolution and the ablated region for all the treatments.
Once the results are computed, the user might investigate a certain treatment (e.g.
the treatment with an intial power of 60 W and a treatment duration of 35 s).
The 1D view of the ablated volume (see Figure 4.11 (a)) and the 3D view of the CEM
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(see Figure 4.11 (b)) provide the information about the dimensions of the ablated
tumor. In this case, the ablation does not affect all the planes where the tumor is
present (see Figure 4.11 (a)). This is easily visualized also in the 3D context (see
Figure 4.11 (b)). The user is also able to investigate the results of the current treatments in terms of temperature increase. For example, the user might be interested
in knowing where the temperature is above a certain value. This can be obtained
using the 3D view, e.g. in Figure 4.11 (c) the region where the temperature is above
43 °C is shown.

Figure 4.10: A schematic representation of the used geometry. US waves travel
through lossless, fat and muscle before reaching the bone. The focal point is positioned in the muscle.

HIFUpm provides also the possibility to compare the results of different treatments.
In Figure 4.12, the ablated areas (healthy and tumor tissues) in every plane of the
tumor for various therapies are shown. The MTAv value corresponds to the treatment
which maximizes the volume of the ablated tumor, while the LHAs concerns the
treatment which reduces the ablated healthy tissue in the plane. For different planes,
the LHAs might show the ablated area for different treatments (see Figure 4.12 (a)
and (b)). Note that the LHAs value depends on the plane the user is considering.
This is helpful when the user want to find the treatment that reduces the ablated
healthy tissues in a particular plane or a group of planes (e.g. which contain a
particular zone like a vessel and/or a vital organ).
Looking at Figure 4.12 (a) and (b), the user might be interested in investigating the
treatment which ensures the maximum volume of tumor ablated (the one with the
initial power at 90 W and the treatment duration at 40 s) and the treatment that
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(a)

(a)

(b)

Figure 4.11: 1D view of the ablated area in the planes where the tumor is present (a).
In this case, not all the tumor is heated, in fact there is no ablation in some portions
(from plane 468 to 489 and from plane 502 to 528). This can also be observed in the
3D view (b). Moreover, the 3D view allows the user to visualize the temperature data.
In particular, in (c) the region where the temperature is more than 43 °C is shown. All
these plots refer to the treatment with 60 W and 35 s as initial parameters.
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ensures the minimum healthy tissue ablated in plane 495 (the one with the initial
power at 40 W and the treatment duration at 20 s).

(a)

(b)
Figure 4.12: Ablated area of planes 484 (a) and 495 (b). It is important to underline
that LHAs shows the ablated area for two different treatments in the two different
planes.

This can be achieved by comparing the ablated areas using the 2D views (see Figure
4.13). These views helps the user to evaluate the different treatments, e.g., he/she
may decide to change the treatment (choosing the one which shows the higher volume of tumor ablated). The user is then able to change the parameters to investigate
using the red highlighted area in Figure 3.7. This way, HIFUpm gives the possibility
to explore the treatment options, while making the results of the other treatments
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(a)

(b)
Figure 4.13: The ablated area in plane 495 of the chosen treatment is represented as a
solid color ((a) and (b)) while the ablated area of the treatment with 40 W and 20 s
as initial parameters is represented as the isoline (a). In the same fashion, in (b) the
isoline represents the ablated region when the initial parameters are set at 90 W and
40 s.
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Figure 4.14: 3D view of the setup used for the drug delivery (a).The thickness of the
lossless layer is 8 cm and of the fat layer (F) is 2 cm. The focal point is located in the
tumor at (-8, 0, 0) cm.

always available for comparison.
In general, HIFUpm allows to investigate the effect of the treatment duration on
the ablated region and/or the effect of the initial power in order to choose the best
treatment. This cannot be done by simply computing the results of the HIFU model,
but it requires also the expertise and evaluation of the user. In fact, the user might
select a different combination of treatments according to the specific case (e.g.
presence of vessels and/or organs or the thickness of the soft tissue layers to avoid
burns on the skin). Moreover, HIFUpm allows the user to easily compare different
combinations of treatments in the same views, and this is not possible using the
existing tools for HIFU simulations.
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4.3.2 Use case: Drug Delivery
HIFUpm can also be used to monitor and evaluate a drug delivery procedure. In
this case, the tumor is located outside the bone. A representation of the used
setup can be found in Figure 4.14. The presence of the bone in proximity of the
tumor necessitates a good monitoring of the temperature evolution over the entire
geometry. A major risk is that, if heated, the cortical bone would be affected by a
rapid temperature increase due to its high attenuation coefficient.
In this treatment, we assume that the drug starts to be delivered at T1 = 39 °C, while
T2 = 41 °C is the temperature which enhance the maximum drug deposition. Tmax
is set at 44 °C.
The information about the variation of the temperature evolution over time can
be found in Figures 4.15 (a) and 4.15 (b). In Figure 4.15 (a) the user can see the
maximum temperature reached at the time after 60 s and 70 s. The temperatures of
interest (T1 = 39 °C, T2 = 41 °C and Tmax = 44 °C) are indicated in the view as well.
The area in the tumor planes where the temperature is more than T1 and T2 is shown
in Figure 4.16. The user is then able to check the exact location of the temperature
reached using Figure 4.17. This view enables the user to verify if the tumor is heated
enough to obtain the drug dose, as well as if the bone remains unheated.

4.4 Conclusion and Future work
We have introduced HIFUpm, a visualization environment to explore the results
of different HIFU therapies. Using HIFUpm the users is able to easily visualize the
ablation treatment, as well as to compare different therapies in multiple linked
views. HIFUpm gives to the user the possibility to explore the different options
available (in terms of initial power and treatment duration). Using our application,
the user always has the total control on the results of the visualized treatment,
maintaining the results of the other treatments always available for comparison.
HIFUpm simplifies the evaluation of multiple treatments (in our use case 30) and
consequently the visualization of a high amount of data. Moreover, HIFUpm can
be used in drug delivery therapies. Using it, the user is able to easily monitor the
temperature variation in the focal region, as well as to easily see if the tumor reaches
a high enough temperature for the drug release.
Future extensions of this work may investigate the use of model order reduction
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(a)

(b)
Figure 4.15: In (a), the values of the maximum temperature increase for t = 60 s and t
= 70 s are shown. The temperatures of interest (39 °C, 41 °C and 44 °C) are indicated
as well. In (b), the temperature evolution over time in the focal point is shown.
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Figure 4.16: The area in the tumor planes where the temperature is more than 39 °C
and 41 °C.

Figure 4.17: Temperature regions (blue and pink isolines) in plane 494.
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methods [1], to ensure real time efficient computations, when multiple recalculations of the system are expected and/or the dimensionality of problem is too large
for reasonable computational times. Moreover, the possibility to define particular
zones of the geometry will be added. This involves the definition by the user of
the various parts (e.g. the tumor, vessels, other organs) as well as the definition of
zones where the temperature should remain below a certain value. It would also be
valuable to add another view which compares the surviving tumor tissues in terms
of area and percentage for each treatment.
Moreover, in the case of drug delivery, HIFUpm will be extended to introduce the
possibility to compare and evaluate the treatments using different drugs.
HIFUpm represents a step towards a visualization approach addressed to a clinical
usage. Future work will involve the implementation of a visualization method that
includes the entire workflow of a HIFU simulation (definition of the parameter performing the simulation - evaluation of the results and treatment planning). To
do so, it is crucial that the ray-tracing model is validated experimentally. Moreover,
we are currently working on the optimization of the ray-tracing model computation
time, to be able to reduce the simulation duration. Finally, the final visualization
approach will be evaluated by the users (clinicians).
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General Discussion
The research described in this thesis focuses on models and visualization approaches
for HIFU treatments. In particular, we proposed a computer model for HIFU propagation and we studied the role of shear waves and their interference with the
longitudinal ones in case of solid materials. Moreover, we described two visualization approaches that allow the user to simulate HIFU experiments and treatments
and explore the results of HIFU simulations.
In this chapter we present a summary of the contributions, the limitations and the
future perspectives related to this work.

5.1 Summary of contributions
In Chapter 2 we introduce a new raytracer model, which includes the shear waves
propagation in solid materials, such as bone and the interference between US
waves. The model has been compared with a finite element method, and the results
compare very well both in soft tissue and in bone. Moreover, we investigate the role
of the interference between shear and longitudinal waves in bone. The results show
that not including the interference between shear and longitudinal waves leads to
an overestimation of the heat production and the consequent overestimation of the
temperature evolution.
In Chapter 3 we present HIFUtk, a visual analytics environment to define HIFU
experimental setups and perform HIFU simulations. This approach makes a typical
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modeling workflow less complicated and less time consuming. Using HIFUtk, the
user can easily define, perform and visualize HIFU simulations. Moreover the user
can access and explore various volumetric data (e.g. temperature and/or CEM).
HIFUtk is specifically addressed to researchers, which needs to investigate different
research questions about HIFU experiments.
In Chapter 4 we present HIFUpm a visualization environment to explore the results
of different HIFU therapies. This method is addressed to a clinical environment, and
it allows the comparison of different HIFU treatments. This approach guides the
user in the evaluation procedure of a certain treatment to establish which therapy is
the most effective. We have described how HIFUpm could be used for the case of
ablation therapy and in the case of drug delivery. These uses cases demonstrate that
HIFUpm provides a flexible user environment to plan and monitor HIFU procedures.
In general, the research described in this thesis underlines the importance of the
synergy between the modeling and the visualization fields. Robust models play
a crucial role to predict HIFU propagation during HIFU therapies, and therefore
they should be as accurate as possible (Chapter 2). On the other hand, a correct
and flexible visualization approach is fundamental in HIFU therapies to make such
models usable in scientific and clinical environments (Chapter 3 and Chapter 4).

5.2 Limitations
This work deals with two main topics linked to HIFU treatments: one related to
the modeling field and one related to visualization field. Both of them present
limitations.
The model presented in Chapter 2 has been compared with a finite element approach using a very simple geometry. This was done because the finite element
approach requires a large amount of memory when dealing with 3D problems. Moreover, the model has not been validated experimentally yet. The validation using the
system (in our case the Philips / Profound Medical Sonalleve System [3]) is necessary
to assess the accuracy of the model in a real case scenario. In fact, the model makes
some assumptions that might influence the temperature prediction. For example,
the model assumes homogeneous and linear material, and introducing non-linear
effects could lead to an additional heating of the bone cortex [5].
Other limitations involve the parameters used, specifically the absorption coefficient.
This value is the fraction of the produced power that is converted into heat. The
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absorption coefficient values for soft tissue and bone that have been considered in
this thesis are from the literature ([1, 4]). A small variation of these parameters might
cause a substantial variation of the temperature predicted. Therefore, a more indepth study regarding the role of these parameters should be performed. Moreover,
in this thesis no investigation regarding the material properties of the tumor (both
soft tissue and solid) has been performed.
Regarding the visualization approaches described in this thesis, the main limitation
is that they have not been evaluated by experts yet. Another limitation concerning
HIFUpm (Chapter 4) is that this approach does not allow the user to perform a
complete HIFU treatment workflow (i.e., set the parameters, perform the simulation,
evaluate the results) as it mainly involves the evaluation of the results and data. On
the contrary, HIFUtk (Chapter 3) enables the user to perform a complete simulation
workflow, however it is not suitable for a clinical environment, as it is addressed
to researchers. Furthermore, HIFUtk does not present a dedicated comparison
component that facilitates the comparison between stored variables of different
treatments (to do so, it is necessary to export the results). In general, both the
approaches do not allow the user to draw and define particular regions of the
geometry (e.g. regions of the body that should not reach a certain temperature
and/or should not be ablated). Adding the possibility to define particular zones
might help the doctor to evaluate a certain procedure (in the case of HIFUpm).

5.3 Future perspective
This thesis demonstrates the usability and the advantages to use modeling and visualization approaches for HIFU treatments. Interesting and new reasearch questions
arise from the results presented in this work.

5.3.1 Experimental Validation
As stated, the model presented in Chapter 2 has not been experimentally validated
yet. The experimental validation of the model is therefore a crucial next step that
should be carried on.
Our model takes the actual geometry of the phased array transducer in the Philips
/Profound Medical Sonalleve System [2] into account. Therefore, the validation
must be done using this system. The comparison with HIFU experiments should be
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carried on using various geometries and materials.
A first step will be validating the model for soft tissues, using flat and curved geometries and tissue-mimicking gels. To do so, the PRFS thermometry might be used to
generate HIFU temperature data and compare it with the results of the ray-tracing
model.
Then, the second step will be validating the model using solid materials with flat and
curved surfaces. In this case, as the PRFS thermometry fails, temperature sensors
could be used to obtain the temperature data.
It is important to underline that the electronic steering (i.e., technique to manipulate
the position of the focus point) used by the system during the experiment should be
known and taken into account in the model.

5.3.2 Material parameters
In general, tissue parameters play an important role when modeling HIFU propagation. A small variation of certain parameters (e.g. the absorption coefficient) might
lead to an overstimation or an underestimation of the temperature evolution predicted by the model. Therefore, when simulating HIFU treatments, it is important
that all the parameters are well known, when simulating a HIFU treatment. Also,
during the validation process, it is of utmost importance that all the properties (e.g.
attenuation coefficient, density, etc.) of the used materials are well known.
HIFU experiments and our model might also play a role in the evaluation of a certain
unknown material parameter (e.g. the attenuation coefficient and/or the absorption
coefficient). This could be done by fitting the results of the ray tracing approach to
the experimental data acquired (using PRFS and/or temperature sensors). This will
help in understanding if there is a variation of these coefficients e.g. from one bone
to another, such as the femur and the humerus or from one subject to another.
Moreover, an interesting research question would be investigating the role and
variation of the various tissue parameters during and after the HIFU treatments.

5.3.3 Visualization approach of the full workflow
Finally, future work will involve the development of a visualization approach addressed to a clinical environment which includes all the simulation/treatment work96
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flow. Using the new approach, the user will be able to define the geometry and the
treatment requirements (e.g. defining the zones which should not reach a certain
temperature), simulate the treatments and navigate the results, while being guided
in the evaluation and planning procedure. To do so, as stated in Chapter 4, it is
crucial to use a validated ray-tracing model, that is able to compute the results in a
short computation time. Moreover, it is important to underline that the visualization
approach of the full workflow has to be evaluated by the users (clinicians). Finally,
an interesting future research question might be related to develop visualization
approaches to better inform the patients and improve their understanding of the
therapy and therapy outcome.
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Summary
Cancer is the second leading cause of death in the world. Common treatments
against tumors involve surgical operations, chemotherapy and radiation therapy.
The main disadvantages of these approaches concern their invasive nature, the
possibility to cause severe side effects and in radiation therapy the use of radioactive
sources. A non-invasive alternative therapy for the treatment of various types of
benign or malignant tumors is Magnetic Resonance-guided High Intensity Focused
Ultrasound MR-HIFU.
In MR-HIFU therapy, the ultrasound beam is focused on target tissue in the body,
such as the tumor. This leads to rapid heating of the tissue and a consequent
ablation of the tumor. Its clinical relevance has been proven for the treatments of soft
tissue tumors, like uterine fibroids, and for solid tumors in bone. During MR-HIFU
treatment, MR-thermometry techniques such as the Proton Resonance Frequency
Shift (PRFS) are used to monitor the temperature evolution in soft tissue. However,
this technique is currently unavailable for bone tissue. A correct prediction of the
temperature evolution in bone is important as the high ultrasound absorption in the
cortex causes a rapid heating during MR-HIFU treatment. Such rapid heating might
lead to unwanted side effects, such as damaging the surrounding healthy tissues.
In light of this, computer models can play a key role in the accurate prediction and
monitoring of temperature, in particular in bone. Also, the integration of these
computer models in interactive visualization approaches can support researchers
and clinicians when simulating and/or planning HIFU treatments. In fact, despite
the numerous advantages, HIFU techniques do not reach the high delivery precision
like other therapies (e.g. radiotherapy). For this reason, a correct therapy planning
and monitoring in HIFU treatments remains a challenge.
This thesis addresses these challenges by combining HIFU modeling and interactive
visualization approaches.
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Summary
In the first part of the thesis, we present a computer ray tracing model that simulates
the ultrasound wave propagation in the tissues and calculates the heat production
density in the focal region. As both longitudinal and shear waves play a role in
the heating process during HIFU treatments, the model in Chapter 2 takes both
shear and longitudinal wave propagations into account, and their interference. In
this chapter, we demonstrate that considering the interactions between shear and
longitudinal waves is crucial when modeling HIFU propagation.
In the second part of the thesis, two visualization environments are described: HIFUtk and HIFUpm. HIFUtk (Chapter 3) is addressed to researchers and allows the
user to simulate HIFU experiments. HIFUtk has been applied to a rabbit bone
geometry, focusing on two common research questions related to HIFU. The first
question deals with the relation between the position of the focal point and the
consequent shape of the ablated region. The second one is about the effect of shear
waves on the temperature distribution in bone. HIFUpm (Chapter 4) is conceived
for a clinical environment and allows the user to navigate the results of HIFU therapies and compare different HIFU treatments. HIFUpm considers the results of the
model presented in (Chapter 2) and it has been applied in two cases. The first case
deals with planning an ablative treatment of an osteoid osteoma (a benign bone
tumor). In the second case, HIFUpm is used to monitor a drug delivery treatment
for a soft tissue tumor located in proximity of a bone.
Overall, this thesis provides modeling and visualization approaches to be applied
in HIFU treatments, demonstrating that they are valuable tools to support HIFU
therapies.
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