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Interstitial ultrasound ablation of vertebral and paraspinal tumours:

Parametric and patient-specific simulations
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Berkeley — University of California, San Francisco Graduate Program in Bioengineering, California, >Department of Electrical and Computer
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Abstract

Purpose: Theoretical parametric and patient-specific models are applied to assess the feasibility
of interstitial ultrasound ablation of tumours in and near the spine and to identify potential
treatment delivery strategies.

Methods: 3D patient-specific finite element models (n = 11) of interstitial ultrasound ablation of
tumours associated with the spine were generated. Gaseous nerve insulation and various
applicator configurations, frequencies (3 and 7 MHz), placement trajectories, and tumour
locations were simulated. Parametric studies with multilayered models investigated the impacts
of tumour attenuation, tumour dimension, and the thickness of bone insulating critical
structures. Temperature and thermal dose were calculated to define ablation (>240 equivalent
minutes at 43°C (EM43°C)) and safety margins (<45°C and <6 EM43°C), and to determine
performance and required delivery parameters.

Results: Osteolytic tumours (<44 mm) encapsulated by bone could be successfully ablated with
7 MHz interstitial ultrasound (8.1-16.6 W/cm?, 120-5900J, 0.4-15 min). Ablation of tumours
(94.6-100% volumetric) 0-14.5 mm from the spinal canal was achieved within 3—-15 min without
damaging critical nerves. 3 MHz devices provided faster ablation (390 versus 9305s) of an 18 mm
diameter osteoblastic (high bone content) volume than 7 MHz devices. Critical anatomy in
proximity to the tumour could be protected by selection of appropriate applicator
configurations, active sectors, and applied power schemas, and through gaseous insulation.
Preferential ultrasound absorption at bone surfaces facilitated faster, more effective ablations in
osteolytic tumours and provided isolation of ablative energies and temperatures.
Conclusions: Parametric and patient-specific studies demonstrated the feasibility and potential
advantages of interstitial ultrasound ablation treatment of paraspinal and osteolytic vertebral
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tumours.

Introduction

The skeleton is a common site of cancer metastasis, with an
incidence of 65-75% observed upon autopsy among breast
and prostate cancer patients [1]. The spine is the most
common location of bone metastases, with tumours observed
in up to 40% of cancer patients during autopsy [2]. Primary
bone tumours are far less common, making up only 0.2% of
primary neoplasms [3]. Soft tissue tumours in the paraspinal
spaces are also rare [4]. While survival rates for some forms
of primary bone cancer are relatively high (60% for localised
osteosarcoma and Ewing’s sarcoma) [5,6], the prognosis for
patients with bone metastases is often very poor, so treatment

Correspondence:  Chris J. Diederich, PhD, Thermal Therapy
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goals for metastatic bone disease are generally palliative [7,8].
The principle aims of palliative care for bone metastases are
pain relief and restoration or preservation of both mechanical
and neurological function [7]. Treatment options for primary
and metastatic bone tumours include radiation, surgery, drugs,
and thermal ablation [9-11]. Surgery and radiation, particu-
larly intensity-modulated radiotherapy, are two means of
treating paraspinal tumours [4,12,13]. External beam radi-
ation is the standard of care for treatment of painful bone
metastases [8,9,14], while radiofrequency (RF) ablation is
now the standard of care for treatment of osteoid osteoma of
the appendicular skeleton [14,15]. To mechanically stabilise
eroded or fractured bones and to provide further pain relief,
radiotherapy and thermal ablation can both be performed in
conjunction with cement injection into cavities in bone
[7,16,17].

Minimally invasive thermal ablation using radiofrequency
(RF) currents [10,16,18-20], plasma-mediated RF [21,22],
lasers [23], microwaves [24], and cryoablation [25] has been
applied to successfully treat neoplasms throughout the
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skeleton [9,22], with RF ablation the most common. Image-
guided high intensity focused ultrasound (HIFU) ablation of
bone tumours has also gained attention in recent years for
palliative treatment of painful metastases, most likely through
ablation of the pain-sensing nerves in the periosteum at bone
surfaces, with tumours of the spine contraindicated [26-28].
The volumes treated with thermal ablation vary widely in
size, from 5mm osteoid osteomas to 10cm regions of
coagulation in chordomas [23,29]. During ablation, the spinal
cord and spinal nerves should be kept below 45 °C [18] and
10-30 EM43 °C [30] to prevent neurological damage; thus,
tumours in very close proximity (within 1cm) to the spinal
cord have sometimes been considered an exclusion criteria for
RF ablation [19]. Cortical and cancellous bone surrounding
vertebral tumours, due to inherent low thermal conductivities,
can thermally insulate the spinal cord, allowing for ablation of
some vertebral lesions that do not invade the spinal canal [18].
However, despite the lack of insulating bone, vertebral
tumours immediately adjacent to the spinal canal have been
successfully treated with thermal ablation [16,18]. The lack of
neurological complications following these procedures has
been attributed to the cooling flows of cerebrospinal fluid
(CSF) and of blood within epidural vessels [20], as well as to
the feedback of patients under conscious sedation [16]. In
some cases with posterior wall destruction, gaseous dissection
applied to displace and insulate the spinal cord successfully
prevented neurological complications during laser ablation,
RF ablation, and cryoablation [23,31].

Compared to other minimally invasive percutaneous
approaches, interstitial ultrasound has potential advantages
which can be exploited for ablation of paraspinal tumours and
osteolytic tumours within the spine. Interstitial ultrasound
ablation has been successfully applied in this setting in
preliminary studies using numerical simulations and in vivo
rabbit models [32,33]. Interstitial ultrasound applicators can
be designed with multiple angularly sectored cylindrical
transducers, providing penetrating directional control along
the length and circumference of the applicator [34].
Furthermore, the high acoustic absorption coefficient of
bone, one to two orders of magnitude above that of soft tissue
[35], limits energy penetration and produces significant
heating at the bone surfaces [36]. Thus, bone adjacent to or
encapsulating a tumour may isolate the acoustic energy and
effectively produce a secondary heat source away from the
ultrasound applicator, enhancing heating [37,38]. Bone adja-
cent to a tumour can also serve to protect nearby sensitive
structures, such as the spinal cord, through acoustic and
thermal insulation [18]. Interstitial ultrasound devices are
compatible with MR temperature imaging (MRTI), which
could be applied as a means to monitor treatment in real time
and to provide feedback control of power [39].

The goal of this paper is develop and apply acoustic and
biothermal finite element models to characterise the perform-
ance of and assess the feasibility of interstitial ultrasound
ablation of tumours in and near the spine. The focus is not
patient-specific treatment planning. Parametric studies with
simplified models were performed to determine the influence
of acoustic attenuation, blood perfusion, gaseous insulation of
nerve tissue, preferential bone heating, and the thickness of
encapsulating bone on the resulting temperatures and thermal
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dose distributions, as well as on the required power levels and
treatment durations. To assess treatment delivery strategies,
11 3D patient-specific models of interstitial ultrasound
ablation of nine vertebral and paraspinal tumours were
developed, simulating treatments with a variety of applicator
configurations, operating frequencies, and insertion paths. In
order to determine how disparate material properties among
tissues and vascular cooling affect heating distributions,
several anatomical structures, including the tumour, bones,
spinal canal, intervertebral discs, lungs, and major blood
vessels, were considered. The findings of this study evaluate
applicator configurations, insertion strategies, and treatment
parameters (power, frequency, time) for tumours in the
vicinity of the spine of various sizes, shapes, and locations.

Materials and methods
Interstitial ultrasound applicators

The interstitial ultrasound applicators considered in this study
are described in detail elsewhere [34,40] and are modelled
herein as a linear array of 1-4 tubular ultrasound transducers
with 150-360° angular sectors. Transducer arrays operating at
a nominal frequency of 7 MHz, a typical interstitial ultrasound
configuration [34,41], and 3MHz were considered. The
7MHz transducers (5, 10, or 15mm length (L), 1.5mm
overall diameter (OD)) were operated inside a 1.89 mm inner
diameter (ID), 2.4mm OD plastic catheter; 3 MHz trans-
ducers (5 or 15mm L, 3.2mm OD) were considered for
greater penetration into tumours with high ultrasound attenu-
ation coefficients, and were operated from within a 4 mm ID,
4.5mm OD plastic catheter. Integrated water cooling of the
inner catheter surface was employed for each applicator
configuration. Based upon prior experimental measurements,
it was assumed in this work that 50% of the applied electrical
power was converted to acoustic output power [34,42].

Biothermal and acoustic simulations

Two sets of models were developed: simple geometric models
for parametric studies, and patient-specific models including
complex osseous and soft tissue structures for more detailed
assessments. Pennes’ bioheat transfer equation was used to
model heat transfer in heterogeneous tissues [43]:
dr

pc:E:VkVT—wcb(T—Tb)JrQ (1)
where p is density (kg/m?), ¢ is specific heat capacity
J/kg/°C), T is temperature (°C), ¢ is time (s), k is thermal
conductivity (W/m/°C), w is blood perfusion (kg/m3/s), Qis
heat deposition due to ultrasound (W/m3), the subscript
b refers to blood, and 7,=37°C. The various tissue
properties are summarised in Table I. Tumour composition
is assumed to be homogenous throughout the tumour volume.
Thermal dose (#43) in equivalent minutes at 43 °C (EM43 °C)
is calculated according to Sapareto and Dewey [44], with
tissue considered to be ablated upon reaching a thermal dose
of 240 EM43 °C [45].

t=final
e (05 T>43
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Table I. Material properties of tissues.
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Density Attenuation Thermal conductivity Specific heat Perfusion rate

Medium (kg/m?) Velocity (m/s) (Np/m/MHz) (W/m/°C) J/kg/°C) (kg/m/s)
Muscle 1041 [35] 1576 [35] 5 [75] 0.5 [35] 3430 [35] 0.6923 [35]
Bone 1420 [35] 3260 [35] 105 [35] 0.38 [35] 1700 [35] 0.892 [76]
Spinal canal and nerves 1038 [35] 1542 [35] 127 [35] 0.515% [35] 3640" [35] 3.63 [77]
Intervertebral disc 1165* [35] 1627%* [78] 53.3% [35] 0.61 [79] 2713 [79] 0 [80]
Carbon dioxide 1.66 [81] 0.018 [81] 871.5 [81] 0
Blood 3800 [35]

Tumour tissue is assumed to have the same properties as muscle, but with a higher perfusion of 2.4 kg/m®/s [82,83]. Values for nerve (") and brain (*)
were used for some spinal canal properties. Values for tendon (*) and cartilage (**) were used for some intervertebral disc properties.

Perfusion in all tissues is assumed to reduce to zero at 300
EM43 °C due to heating-induced microvascular stasis [46].

Acoustic heat deposition from a cylindrical interstitial
ultrasound source can be modelled as a radially divergent
intensity pattern well collimated to the length of the
transducer [41]. This model was experimentally validated
by our group in bone/soft tissue phantoms and in ex vivo
bones and soft tissues, through comparison to temperature
distributions derived both invasively and using MRTI
[38,47,48].

0 =2al = 27&13%6_2 Jopar (3)

where « is the ultrasound absorption coefficient (Np/m), I is
acoustic intensity (W/mz), 7 is the transmission coefficient
(unitless), I, is the acoustic intensity on the transducer surface
(W/m2), r; is the transducer radius (m), r is the radial distance
from the transducer’s central axis (m), and W is the ultrasound
attenuation coefficient (Np/m). The ultrasound absorption
coefficient is assumed to be equal to the ultrasound attenu-
ation coefficient, with all scattered energy locally absorbed.
Attenuation over the catheter wall is assumed to be 43.9 Np/
m/MHz [49]. The power applied to a transducer sector was
either constant over time or determined by a proportional-
integral ~ (PI)  feedback  controller  (k,=0.375W/K,
k; =0.003 W/K/s) designed to maintain the maximum tem-
perature in a region of interest (ROI) at a given value T.. The
acoustic intensity on the transducer surface (/;) was limited to
a practical and achievable value of 21.2 W/m?.

The absorption of incident waves by soft tissue and bone
contributes significantly more to heat generation than do
reflected waves at most incident angles encountered during
interstitial ultrasound ablation [37,38]. High-frequency
(~7 MHz) ultrasound waves in bone are attenuated so rapidly
that they do not penetrate deep enough for refraction or shear
mode conversion to significantly affect temperature distribu-
tions [38]. Hence, following the findings of Scott et al., the
transmission coefficient into a given tissue can be approxi-
mated as [38]:

1 L dpivipi Vi1
= Hl. - ot o)
i li-t g (pivi + pic1vicr)

4)

where v is the speed of sound (m/s) and the structures that
are traversed are numbered 1 through n, beginning with
the catheter. It is assumed that there is zero transmission
through tissue/gas boundaries, and that the catheter has
the same acoustic properties as osteolytic tumours for

Table II. Heat transfer coefficients and fluid temperatures for convective
flow boundaries.

Surface h (W/m?/°C) T, (°C)
Catheter 1000 [47,84] 22
Aorta 598 37
Vena cava 391 37
Carotid artery and jugular vein 970 37
Lungs and respiratory passages 40 [85] 34 [86]
Skin 10.5 [85,87] 22

Heat transfer coefficients for blood vessels are calculated based upon
vessel diameters and flow rates [88-90] as described by Haemmerich
et al. [91].

complete acoustic transmission into the catheter and osteo-
lytic tumours.

Finite element analysis

Finite element analysis was performed using COMSOL
Multiphysics 4.3 (Burlington, MA) in conjunction with
MATLAB (MathWorks, Natick, MA) to calculate acoustic
intensity, power deposition, temperature, and thermal dose.
Simulations employing various mesh sizes and times steps
were performed to determine how small the mesh sizes and
time steps should be in order for the results to converge to a
stable solution. Based upon these tests, maximum mesh sizes
were limited to 0.4 mm on the inner surfaces of the catheter,
0.5mm on heated bone surfaces, and 5mm overall, with
gradual transitions in mesh size. An implicit transient solver
with variable time stepping was used to calculate temperature
and thermal dose, with maximum time steps of 10 s. Dirichlet
boundary conditions constrained the temperature on the
outermost tissue boundaries to 37 °C. Convective boundary
conditions were applied to inner catheter surfaces, major
blood vessels, respiratory passages, and skin surfaces as
follows:

—i - (=kVT) =h(T; —T) (5)

where 7 is the normal unit vector to the boundary, # is the heat
transfer coefficient (W/m?°C), and T; (°C) is the fluid
temperature, with parameters specified in Table II.

Parametric studies

Parametric studies were performed using simplified 3D
models to determine the influence of tumour attenuation
(which is related to osseous bone content), preferential
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heating of encapsulating bone, tumour perfusion, gaseous
insulation, and the thickness of encapsulating bone on
resulting temperature distributions, on thermal dosimetry,
and on required treatment delivery parameters. The simple
geometry consisted of a 7.2 cm long cylindrical tumour
volume with a 7 MHz applicator positioned within the centre.
Depending upon the complexity of the parametric study, the
geometry could include an annular layer of bone, a layer of
carbon dioxide, and a surrounding layer of non-targeted tissue
(Figure 1). In all cases the applicator was modelled with three
360° x 1 cm long transducers operating at 7 MHz, and the
total outer diameter was 1l1cm. Finite element meshes
representing these volumes were generated within
COMSOL. These parametric studies were performed in 2D
axisymmetric mode, as the tubular ultrasound transducers and
cylindrical tissue volumes considered could be accurately
represented as rectangles revolved around an axis, and
because computation times were many times faster than
those of the equivalent 3D models. A PI controller
modulated the power delivered to the transducers to attain a

< 11 cm -
Applicator
N | Nerve 24 Tumour
(@]
(aa]
7.2
cm
A4

Region of interest

Figure 1. The geometry of the parametric simulations consisted of a
7.2cm L, 11cm OD cylinder with an applicator in the centre. The
applicator consists of a series of transducers (black) mounted operated
within a water-cooled catheter (purple). The tissues ablated could consist
of only tumour tissue, tumour surrounded by bone, or tumour surrounded
by bone surrounded by nerve tissue. There could also be a layer of
carbon dioxide between the bone and nerve tissue. The temperature of a
1 cm long region of interest in the centre of the tumour was controlled to
a maximum temperature T..
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peak temperature T, within a ROI. The maximum control
temperature set-point (T.) was 75°, 80°, or 85°C, for
temperatures high enough to ablate the full tumour but low
enough to prevent water vaporisation in tissue. The ROI was
defined as a lcm high portion of the tumour around the
central transducer, ranging radially from 1 mm away from the
outer surface of the catheter to the bone surface. The thermal
lesion diameter was defined as the maximum diameter of the
240 EM43 °C contour, and an ROI was considered ablated
when its entire volume reached 240 EM43°C [45]. The
geometric and treatment parameters of the parametric studies
performed are summarised in Table III and are detailed below.

Effect of attenuation on thermal lesion size

For investigations of the effect of tumour attenuation on
thermal lesion size, a tumour was modelled with ultrasound
attenuation coefficients varying from 3 to 300 Np/m/MHz, a
range encompassing the low attenuations of some soft tissues,
the moderate to high attenuations expected in tumours with
residual pieces of osseous bone, and the high attenuations
observed in some bones [35]. Encapsulating bone was not
considered.

Effect of bone on treatment parameters

To determine how bone adjacent to or encapsulating an
unossified tumour affects the treatment parameters necessary
to ablate an ROI, a parametric study was performed,
simulating highly osteolytic tumours of various diameters
encapsulated within bone. An applicator was placed in the
centre of a tumour surrounded by bone. The power levels and
treatment durations necessary to ablate the ROI, as well as the
maximum bone temperature at the end of the ablation, were
determined for various tumour diameters (0.6-5cm) and
perfusions (0.7-5 kg/m?/s).

Thermal dose on spinal cord insulated by bone

Given the spinal cord and nerves in close proximity to targets
within the vertebrae, we investigated the insulating effects of
normal bone and of gaseous dissection to determine the
treatment parameters and criteria necessary to protect sensi-
tive tissue. As shown in Figure 1, an applicator was modelled
in the centre of a tumour (6—40 mm OD), surrounded by bone
(2-4 mm thick), surrounded by an annular layer of ‘sensitive’
nerve tissue (11 cm OD). The maximum thermal dose on the
spinal canal was calculated for control temperatures T, of 75°,
80°, and 85 °C. To determine the effects of additional gaseous
insulation, the geometry of Figure 1 was modified to consider

Table III. Treatment and geometric parameters for parametric studies.

Effect of attenuation

Parametric study on thermal lesion size

Effect of bone on
treatment parameters

Thermal dose on spinal
cord insulated by bone

Tumour diameter 11cm OD
Bone dimensions N/A
Insulating gas thickness N/A
Nerve diameter N/A

Tumour attenuation 3-300 Np/m/MHz

Control temperature 75°, 85°C
Tumour perfusion 2.4kg/m’/s
Treatment duration 5, 10, 15 min

0.6-5.6cm OD 0.6-4.0cm OD
11cm OD 2, 3, 4mm thick
N/A 0, 2mm

N/A 11cm OD

5 Np/m/MHz 5 Np/m/MHz
75°, 85°C 75°, 80°, 85°C
0.7, 2.4, 5kg/m’/s 2.4kg/m’/s

Until ROI ablated Until ROI ablated
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cases with and without a 2mm layer of carbon dioxide
between the nerves and a 2mm thickness of bone, with
control temperatures of 85 °C.

Patient-specific models

To critically assess the feasibility and performance of
interstitial ultrasound ablation in a variety of tumours within
and near the spine, and to investigate treatment delivery
strategies, 11 patient-specific models with a variety of tumour
locations and dimensions were generated. Unlike the para-
metric studies in the previous section, this patient-specific
study is based upon full 3D thermal and acoustic models
which comprehensively consider the heterogeneous tissue
properties of the irregularly shaped anatomical structures.
Tumours (Table IV) were either segmented directly from 3D
computed tomography (CT) image sets, or were based on the

Int J Hyperthermia, 2014; 30(4): 228-244

shapes, sizes, and positions of tumours observed in patient
data or in the literature [50-54]. Image segmentation and the
generation of patient-specific finite element method (FEM)
meshes (Figure 2) were performed using the Mimics
Innovation Suite (Materialise, Leuven, Belguim), with
tumours, vertebrae and other bones, intervertebral discs, the
spinal canal, other soft tissues, major blood vessels, and
airways differentiated. While many of the built-in automated
segmentation tools were employed, the majority of the
segmentation was performed manually. The FEM meshes
were imported into COMSOL, in which the tissue and cooling
flow properties specified in Tables I and II were applied and
finite element analysis was performed. Applicator configur-
ations and applied power levels were empirically determined
for each case, based on the size of the tumour, the distance
from the transducers to the bone surfaces, and the distance
from the tumour to sensitive anatomy. Powers were either

Table IV. Location, bone content, and size of tumours considered in patient-specific models.

Tumour Distance from tumour
Case Tumour location Tumour type Tumour dimensions (mm) volume (mm?) to critical structures (mm)
1 Between C4 and C5 Paraspinal 20L, 19 OD 3200 SC: 6.8
20x 17 x 16
2 TS5, left transverse process Osteolytic 20L, 22 OD 4400 SC: 14, Lu: 6.0, Ao: 32
20 x 20 x 19
3 L3, left transverse process Osteolytic 33L, 27 OD 8100 SC: 4.5
29 x 28 x 20
4a-b L2, pedicle, vertebral body, Osteolytic 431, 27 OD 9200 SC: 0, Ao: 28, VC: 22
spinal canal 43 x 27 x 27
5 C5, vertebral body Osteolytic 10L, 10 OD 520 SC: 2.6, F: 4.5, Tr: 15, Oe: 15, C: 18
10 x 10 x 10
6 L1, vertebral body Osteolytic 25L, 13 OD 2040 SC: 4.3, Ao: 13
25x13x 13
7 L1, anterior vertebral body Osteolytic 23L, 27 OD 6600 SC: 13, Ao: 10, VC: 26
25 %27 x 18
8 S1 Osteolytic 24L, 17 OD 3200 SC and N: 2.9
24 x 17 x 15
9a-b Iliac bone A: Osteolytic 32L, 18 OD 4900 SC and N: 12
B: Mixed 32x 18 x 15

SC, Spinal canal; Lu, Lung; Ao, Aorta; VC, Vena cava; F, Transverse foramen; Tr, Trachea; OD, overall diameter; Oe, Oesophagus; C, Carotid artery
and internal jugular vein, N, Spinal nerves. Tumour length and diameter are defined in relation to the applicator axis. Next, the dimensions of a

rectangular prism around the tumour are listed.

Conversion to 3D surface mesh

Segmentation . FEMmesh _3  Temperature ma
g T > and applicator placement 7 generation P P |

Adjust applicator placement, number of transducers,
transducer length, aiming, and power as necessary

Figure 2. Process by which patient-specific simulations are created. 3D anatomy in a CT scan is segmented and converted into 3D surface meshes. The
surface meshes of the anatomy and of a cylinder representing the applicator are combined and then converted into a finite element method (FEM) mesh,

on which temperature and thermal dose are calculated.
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constant throughout treatment or were determined by a PI
controller designed to attain a maximum temperature T, of
85°C in an ROI defined as the tumour and adjacent bones.
Practical applicator configurations with one to four trans-
ducers (0.5, 1, or 1.5cm L) and 360° sectors, two sectors of
150° and 210°, or two 180° sectors were considered. On either
side of each active transducer sector, a 15° acoustically
inactive dead zone is assumed, as verified in previous
experimental studies [55]. At the end of each ablation
sequence, power and catheter cooling were shut off simul-
taneously, and thermal conduction through the tissues and
cumulative thermal dose were modelled over an additional
10 min.

To investigate the effect of injected carbon dioxide as a
possible means of insulating the spinal canal, interstitial
ultrasound ablation of a vertebral tumour invading the pedicle
and the spinal canal was modelled with and without carbon
dioxide dissection in cases 4a and 4b, respectively (Table IV).
A 2.6cm’® CO, gas bubble was added in the spinal canal
between the spinal cord and the tumour target in the 3D
surface meshes of the anatomy and in the FEM mesh. Carbon
dioxide was modelled with the material properties specified in
Table I and with a gas/tissue acoustic transmission coefficient
of zero. Separate feedback controllers determined the powers
applied to each transducer. Power to each transducer element
was permanently shut off 5s after the tumour tissue around it
was fully ablated (>240 EM43 °C), 5 s after the portion of the
spinal canal next to it reached a thermal dose limit of 2
EM43°C (to prevent nervous injury), or after 15min of
treatment, whichever occurred first. To ensure ablation of
tissue adjacent to the water-cooled catheter via conduction,
whenever power to a transducer was shut off, cooling flow
and power to all other transducers were temporarily shut off
for 10s.

Patient-specific simulations (Table IV) of treatment tar-
geting a 4.9cm? tumour in the iliac bone (case 9) were
performed to investigate whether a low frequency applicator
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(3MHz) could provide greater penetration than a 7 MHz
applicator into a mixed osteolytic/osteoblastic lesion, which
has higher bone content and a correspondingly higher
acoustic attenuation coefficient than highly osteolytic lesions.
The tumour was assumed to have the same attenuation as
bone, with all other tumour properties assumed to be the same
as those of osteolytic tumours (Table I). Identical applicator
positions and feedback control parameters were used for both
applicator test configurations. For these specific test evalu-
ations, power and cooling flow were shut off 100s after the
entire tumour had reached 1000 EM43°C, to ensure full
ablation of the both the tumour and a margin of normal iliac
bone.

Results
Parametric studies

Interstitial ultrasound ablation of tumours with a range of
ultrasound attenuation coefficients was simulated. The diam-
eters of the thermal lesions produced were measured for 5, 10,
and 15min treatment times and for control temperatures of
75° and 85 °C (Figure 3). Larger diameters (up to 52-59 mm)
could be ablated in cases when the tumour had lower
attenuations, when longer treatment times were used, and/or
when higher control temperatures were used. At very high
attenuations above ~80Np/m/MHz, there was very little
acoustic penetration, temperatures peaked within 1.5 mm of
the catheter surface, and the maximum diameter that could be
ablated varied relatively little with further increases in
attenuation. Thus, in tumours with attenuations ranging
from 3 to 100 Np/m/MHz, the lesion diameters created in
10 min with a control temperature of 85°C varied 29.1 mm,
while the thermal lesion diameters in tumours with attenu-
ations of 200 to 300 Np/m/MHz only varied 0.9 mm.
Ablation of soft tissue lesions encapsulated within bone
(Figure 1) was simulated for a variety of lesion diameters to
determine the necessary powers and ablation times and the
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Figure 3. The maximum diameter of tumour tissue that could be ablated in a given time frame was calculated for a variety of ultrasound attenuation
coefficients, ablation durations, and control temperatures. Simulations with each tumour attenuation value and each control temperature were
performed for ablation durations of 5 min (triangle), 10 min (bar), and 15 min (circle) in a homogenous tissue volume.
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are also shown.

resulting bone temperatures (Figure 4). In tumours smaller
than 12mm OD, the temperatures at the bone surfaces were
higher than those in the soft tissues closer to the applicator.
The bone surfaces were the first portions of the tissues to
reach 240 EM43 °C, and then the adjacent soft tissues soon
reached lethal temperatures. These tumours were quickly
ablated in 21-83 s without reaching the control temperature.
Peak bone temperatures (66.8-69.5°C for an 85°C set
temperature and 6-12mm OD tumours) varied relatively
little with tumour diameter. In 12—16 mm diameter tumours,
the bone temperatures were lower in tumours with wider
diameters than in narrower tumours (Figure 4A). In tumours
with 6-16 mm diameters, the intensities necessary to reach
the set temperature increased roughly linearly with the
distance between the applicator and the bone (Figure 4B),
from 11.7 to 16.1W/ecm? for tumours with 2.4kg/m%/s
perfusion and a control temperature of 85°C, as more
power was necessary to heat bone surfaces further away
from the applicator to the control temperature. The necessary

ablation times increased relatively slightly as tumour diam-
eters increased from 6 mm to 16 mm (Figure 4C), from 37 s to
81s in tumours with 2.4kg/m’/s perfusion and a set
temperature of 75 °C, and from 21s to 54s in tumours with
a 2.4kg/m>/s perfusion rate and a set temperature of 85°C.
Up to 14.2% longer ablation durations were required in
tumours with higher perfusions, resulting in bone tempera-
tures up to 1.2°C higher. Otherwise, changes in tumour
perfusion had little effect in 6-16 mm OD tumours with low
volumes and high bone heating.

In tumours with diameters above 16mm, peaks in
temperature near the applicator were higher than the peaks
at the bone surfaces. The maximum temperature, on which the
power controller was based, occurred in tumour tissue far
from the bone surfaces, and the mean acoustic intensities
(Figure 4B) stayed roughly constant as tumour diameters
ranged from 16 to 36 mm (12.5-13.7 W/em? for T, =75°C,
and 16.1-16.6 W/cm? for T.=285°C). The time necessary to
ablate tumours over 16 mm in diameter, which had large
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volumes and less bone heating than smaller tumours, sharply
increased with increasing tumour diameter (Figure 4C), from
52-88s for 16 mm tumours (w=0.7-5 kg/m3/s, T.=75-
85°C) to over 1500s for very large tumours with high
blood perfusion rates (D > 48 mm, T, =85°C, w=5 kg/m3/s).
Tumours up to 44-52mm in diameter (w=/0.7-5kg/m’/s,
T.=85°C) could be ablated within 900s. Tumours up to
46-56 mm in diameter (w=0.7-5 kg/m3 /s, T.=85°C)
could be ablated within 1200s. The applied powers
decreased as temperatures approached steady state, reducing
the overall mean acoustic intensities applied to ablate large
tumours over 32mm in diameter, by up to 2.1 W/em® for
44mm tumours. Because the bone/tumour boundaries
were the last portions of the tumours over 28 mm in diameter
to be ablated, the maximum bone temperatures were 50—
55°C, which are those necessary for ablation, with lower
temperatures necessary for longer treatment times
(Figure 4A). The total amount of acoustic energy delivered
could be calculated by multiplying the mean power
and treatment time, and ranged from 390-8400J for tumours
16—44 mm in diameter with blood perfusion rates of 0.7-5 kg/
m®/s and set temperatures of 75° or 85°C. In contrast, only
120-520J was necessary to ablate tumours 6—-16mm in
diameter.

The maximum thermal dose in non-targeted nervous
tissues was measured for a variety of tumour diameters, set
temperatures, and thicknesses of intervening bone and gas
(Figure 5). Gaseous insulation between the bone and the
nerves was highly effective in protecting nerve tissue,
decreasing the thermal dose to the nerves by three orders of
magnitude. Insulating bone also had a significant effect on
thermal dose to nerves, with bone thicknesses over 4 mm

3
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generally adequate for limiting the thermal dose to nerves to
below 6 EM43 °C. The thermal dose to nerves increased as a
function of tumour diameter when peak temperatures
occurred on the bone/tumour interfaces (tumour diam-
eter = 6-12 mm) and when treatment times sharply increased
as a function of tumour size (tumour diameter > 20 mm). For
tumours under 20mm in diameter, relatively high powers
(corresponding to high set temperatures) and short treatment
durations produced thermal doses to nerves 1.5-2.3 times
lower than low powers and longer treatment durations, and
required 13-23% less energy (J). In tumours with diameters of
and above 20 mm, the balance between power and time had
far fewer effects.

Patient-specific models

Eleven patient-specific models were created to simulate
interstitial ultrasound ablation of nine tumours invading
paraspinal spaces (case 1), transverse processes (cases 2
and 3), vertebral bodies (cases 4-8), and the ilium (case 9).
The percentage of tumour tissue that was ablated, as well as
the temperatures and thermal doses in nearby sensitive
anatomy, is summarised in Table V for each case.
Figures 6-10 show the resulting peak temperature and
thermal dose distributions calculated in the target tumour
volume and the surrounding 3D tissue volumes. The inner
thermal dose contours in 2D images correspond to 240
EMA43 °C, which is considered a lethal thermal dose [45], and
the outer thermal doses contours correspond to 6 EM43 °C, a
conservative safety margin below which sensitive tissues
should be undamaged [30]. All treatment delivery parameters,
including the number, length, and sector angle of the
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Figure 5. Summary of the maximum thermal dose to nerve tissue adjacent to normal bone encapsulating a tumour (Figure 1) after ablation of the
tumour as a function of tumour diameter, bone thicknesses, and control temperature. Each tumour diameter and bone thickness was modelled with
control temperatures of 85 °C (bar), 80 °C (circle), and 75 °C (triangle). A case with 2 mm of bone and a 2 mm layer of insulating CO, gas was modelled
and is shown for comparison. A safety threshold of 6 EM43 °C, below which no deleterious effects to nerves are expected, is delineated.
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Table V. Treatment parameters and dosimetry results for patient-specific models.

Max temperature and dose

Acoustic intensity Treatment % Target on sensitive anatomy, volume
Case Figure Sector length and angle (W/em?) time (s) ablated canal and nerves over 6 EM43 °C
1 6A, 6B 2 x 1cm, 360° 10.6 300 100% SC: 42.1°C, 0.9 EM43°C, 0 mm®
2 6C, 6D 2 x 1 cm, 360° 11.7 300 100% SC: 38.6°C, 0.0 EM43°C, 0 mm’
Lu: 45.5°C, 18.7 EM43°C
Ao: 37.0°C, 0 EM43°C
3 6E, 6F 2 x 1.5cm, 180° and 180° 0 and 12.2, 540 94.6% SC: 42.2°C, 1.8 EM43°C, 0 mm®
8.1 and 14.9
4a 7A, 7B 4 x 1cm, 360°, 7.8,9.0, 8.1, 7.1* 520, 640, 99.9% SC: 43.5°C, 3.1 EM43°C, 0 mm’
CO; insulation 380, 190 Ao: 37.1°C, 0 EM43°C
VC: 37.3°C, 0 EM43°C
4b 7C, 7D 4 x 1cm, 360°, 7.7,10.2, 11.9, 8.3* 900, 220, 59.7% SC: 48.1°C, 12.5 EM43°C, 3.2 mm’>
no CO, insulation 30, 80 Ao: 37.1°C, 0 EM43°C
VC: 37.3°C, 0 EM43°C
5 8A, 8B 1 x 1em, 210° and 150° 7.6 and 6.4 230 96.3% SC: 45.0°C, 6.9 EM43 °C, 0.03 mm’®
Oe: 37.0°C, 0 EM43°C
F: 46.2°C, 152 EM43°C
Tr: 37°C, 0 EM43°C
C: 37.1°C, 0 EM43°C
6 8C, 8D 2 x 1.5cm, 360° 6.2 180 100% SC: 43.6°C, 2.5 EM43°C, 0 mm’
Ao: 37.4°C, 0 EM43°C
7 9A, 9B 2 x 1 cm, 360° 8.6%* 600 100% SC: 39.4°C, 0.1 EM43°C, 0 mm’
Ao: 39.0°C, 0.1 EM43°C
VC: 37.1°C, 0 EM43°C
8 10A-E 1x1.5cm, 0-15.3 and 9.5-17.8 300 99.9% SC and N: 44.0°C, 3.6 EM43°C, 0 mm’
180° and 180°
9a 10F, 10G 0.5, 1.5, 1.5cm, 8.0%* 930 100% N: 39.6°C, 0.1 EM43°C, 0 mm>
360°, 7MHz
9b 10F, 10H 0.5, 1.5, I.5cm, 5.9% 390 100% N: 39.8°C, 0.1 EM43°C, 0 mm’
360°, 3 MHz

SC: Spinal canal, Lu: Lung, Ao: Aorta, VC: Vena cava, Oe: Oesophagus, F: Transverse foramen, Tr: Trachea, C: Carotid artery and internal jugular

vein, N: Spinal nerves.

*Time-average of acoustic intensities determined by a feedback controller.

Intensities of two sectors on a single transducer are separated by and. In cases where different intensities and/or ablation durations were applied to
different transducers, values are listed in order of distal to proximal transducer segments, and are separated by commas.

transducers as empirically determined, as well as the acoustic
intensities and the treatment times, are specified in Table V.

Preferential ultrasound absorption and heating occurred on
bone surfaces at the outer boundaries of osteolytic and soft
tissue tumours. In cases 1 and 2, in which power was applied
uniformly to 360° transducers, simulations showed greater
temperature rises in portions of the tumours that were
adjacent to bone (Figure 6). To compensate for preferential
heating of bone surfaces that were very close to the applicator,
which could have caused water vaporisation and/or damage to
sensitive tissues, lower powers and/or shorter ablation times
were applied to transducer sectors near bone surfaces in cases
3 and 4 (Figures 6 and 7). In case 4, the 360° applicator was
not placed in the centre of the tumour, and higher tempera-
tures were calculated on bone surfaces that were closer to the
applicator than on bone surfaces that were further away
(Figure 7A). To take advantage of preferential ultrasound
absorption by bone and to ensure that absorption by bone does
not cause any significant portions of the tumour to be
shadowed, the applicator was always placed in a location that
allows for an acoustic window to all target tissue, such as in
the centre of the tumour.

The spinal canal was protected by gaseous dissection in
case 4a (Figure 7A and B). A carbon dioxide bubble insulated
and displaced the spinal cord from a tumour that invaded the
spinal canal. Simulations calculated that 99.9% of the tumour

was ablated, while the spinal cord was protected, with a
maximum temperature and thermal dose of 43.5°C and 3.1
EM43 °C. Without gas present (case 4b, Figures 7C and D),
only 59.7% of the tumour could be ablated, and the spinal
canal reached 48.1°C and 12.5 EM43 °C.

The narrow 10-13 mm diameter tumours surrounded by
bone that were simulated in cases 5 and 6 (Figure 8) were
treated with lower acoustic intensities and ablation durations
(6.2-7.6 W/em?, 180-230 s) than other wider tumours treated
at 7MHz (8.0-17.8 W/em?, 300-930 s). The temperatures in
cases 5 and 6 peaked in the bone at the tumour boundaries,
which heated quickly, rather than immediately adjacent to the
applicators. In contrast to cases with longer treatment times
and higher powers, in which nearly all tumour tissue was
ablated by the end of sonication, the tissue adjacent to the
water-cooled catheters in cases 5 and 6 did not reach lethal
temperatures during the ablation. However, heat quickly
conducted to these narrow regions after power and cooling
flow were shut off, ablating the innermost portions of the
tumours.

Applicators placed so that the acoustic output would not be
directed towards the spinal canal produced little heating in the
spinal cord. When the applicator was placed perpendicular to
the canal surfaces in cases 1-2 with the transducers 7—14 mm
away from them (Figure 6A-D), the spinal canals were heated
to only 38.6-42.1°C and 0.02-0.9 EM43°C. In case 7, the
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Figure 6. Three models of ablation of
tumours not encapsulated by bone: adjacent
to the cervical vertebrae C4 and C5 in case 1
(A, B), invading the left transverse process of
TS5 in case 2 (C, D), and invading the left
transverse process of L3 in case 3 (E, F). The
240 (violet, inner dashed line) and 6 (crim-
son, outer dashed line) EM43 °C contours
10 min after treatment are shown atop a
colour map of the temperature (°C) at the end
of heating in axial slices through the appli-
cator in A, C, and E. 3D temperature maps
(°C) at the end of heating are shown on the
tumour, bone, intervertebral disc, and spinal
canal surfaces in B, D, and F. The position of
the transducers, which are skew to the axial
plane in A, are shown in grey in A, C, and E,
with the whole applicator black in B, D, and
F. The locations of the tumour (t), vertebrae
(v), spinal canal (sc), intervertebral discs (d),
ribs (r), and lung (lu) are indicated.

applicator ran past the spinal canal through the pedicle, and
the transducers were positioned so the canal would not be in
the direct path of the acoustic energy (Figure 9). The spinal
canal, insulated from the tumour by 13mm of bone, was
heated to only 39.4 °C with a maximum thermal dose of 0.1
EM43°C. Although the 240 EM43°C contour extended
16.8 mm outward radially from the transducer surface, it
only extended 2.8 mm behind the transducer array towards the
spinal cord (Figure 9A). Interstitial ultrasound ablation
produced well-controlled heating patterns with deep radial
penetration through soft tissues and highly osteolytic lesions,
and only extending a few millimetres past the lengths of the
transducers.

Angularly sectored transducers were used in some cases
(3, 5, and 8) to limit heating of the spinal cord. In case 3 and
in the last 50s of case 8, power to the transducer sectors
pointing towards the spinal cord was turned off, and
power was applied to only one side of the transducer
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(Figures 6E and 10D). In case 5, 7.6 W/cm?® was applied
to the sector directed away from the spinal cord, while
6.4 W/ecm? was applied to the sector facing towards the spinal
cord (Figure 8A and B). This technique limited the maximum
temperature and thermal dose in the spinal canal to 42.2-
45.0°C and 1.8-6.9 EM43 °C.

In case 8, to avoid damage to the right S1 nerve, which
exits the posterior sacral foramen less than 4 mm from the
posterior portion of the 24-mm long tumour, a single 15-mm
long transducer with dual 180° sectors was translated and
rotated within the tumour. The anterior portion of the tumour
was ablated first (9.5 W/cmz, 190 s), followed by the posterior
portion (15.3 W/cmz, 50s), with 10s in between, during
which power and flow were shut off (Figure 10B and C). The
30° dead zone between the active sectors was directed
towards the nearby sacral canal and foramen to mildly reduce
heating of the nerves, with one active sector pointing superior
and the other inferior. Greater temperature increases were
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Figure 7. Ablation of a tumour invading the
vertebral body and spinal canal at level L2.
A-B and C-D respectively show ablation with
(Case 4a) and without (Case 4b) carbon
dioxide injection for tissue dissection and
insulation. Colour maps show temperature
(°C) 1905 into the ablation, before power is
shut off to any of the transducers. A and C
show temperature in an axial slice through
the transducers (grey), with the 240 (violet,
inner dashed line) and 6 (crimson, outer
dashed line) EM43 °C contours 10 min after
treatment superimposed. The applicator
(black cylinder) and bone surface (black
mesh) are shown in B and D. The locations of
the tumour (t), vertebrae (v), spinal canal
(sc), intervertebral discs (d), vena cava (vc),
and carbon dioxide bubble (CO,) are
indicated.

Figure 8. Ablation of narrow osteolytic
tumours invading the vertebral bodies of C5
in case 5 (A, B) and L1 in case 6 (C, D).

A and C show temperature (°C) at the end of
heating in vertical slices through the
applicator. The 240 (violet, inner dashed line)
and 6 (crimson, outer dashed line) EM43 °C
contours 10 minutes after treatment, as well
as the transducer positions (grey), are also
shown. The temperature (°C) on the spinal
canal, intervertebral discs, and tumour at the
end of heating is shown in B and D. A yellow
cloud indicates the 240 EM43 °C contour
surrounding the tumour (red) 10 min after
treatment. The applicator (black

cylinder) and bone surface (grey mesh)

are also shown. The locations of the

tumour (t), vertebrae (v), spinal canal (sc),
and intervertebral discs (d) are indicated in
the figures.
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Figure 9. Ablation of an osteolytic tumour
invading the anterior portion of the L1
vertebral body (case 7). (A) Temperature (°C)
at the end of heating in an axial slice through
the applicator. The 240 (violet, inner dashed
line) and 6 (crimson, outer dashed line)
EM43 °C contours 10 min after treatment, as
well as transducer positions (grey) are also
shown. (B) The temperature (°C) on the
spinal canal, intervertebral discs, and tumour
at the end of heating. The applicator (black
cylinder) and bone surface (black mesh) are
also shown. The locations of the tumour (t),
vertebrae (v), spinal canal (sc), intervertebral
discs (d), and aorta (ao) are indicated in the
figures.
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Figure 10. Ablation of tumours near the sacral nerves invading S1 (7 MHz) in case 8 (A-E) and the right iliac bone (3 and 7 MHz) in case 9 (F-H).
A and F show the positions of the bones (turquoise), spinal canal (beige), tumour (violet), intervertebral discs (navy blue), and applicator (black). B-E,
G, and H show temperature (°C) at a given time in axial slices through the applicator. The 240 (violet, inner dashed line) and 6 (crimson, outer dashed
line) EM43 °C contours, as well as active transducer positions (grey), at the given time are also shown. The locations of the tumour (t), vertebrae (v),
spinal canal (sc), spinal nerves (n), intervertebral discs (d), and ilium (i) are indicated in the figures.
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calculated in the left posterior portion of the tumour, which
was surrounded by bone and was adjacent to the spinal
nerves, than in the right posterior portion of the tumour,
which was adjacent to soft tissue. To ablate the right portion
of tumour without damaging the spinal nerves to the left, the
applicator was rotated. 17.8 W/cm? was applied only to the
sector pointing right for 50s, while the sector pointing left
was turned off (Figure 10D). These treatment parameters
resulted in ablation of nearly the whole volume of the tumour
(99.9%), while limiting the thermal dose to the spinal canal
and nerves to 3.6 EM43°C.

In case 9, ablation of a mixed osteolytic and osteoblastic
tumour was simulated with 7MHz and 3 MHz applicators
(Figure 10F-H), with applied power regulated by a feedback
controller (T.=85°C). The 7MHz applicator, which used
lower powers (3.8 W acoustic, as opposed to 5.9 W acoustic)
to reach the same temperatures, took more than twice as long
(830s, compared to 290 s) to ablate the full volume. (Since
the high frequency transducer had a lower surface area,
although the applied powers (W) were lower than at 3 MHz,
the surface intensity (W/cmz) reported in Table V was
higher.) Thermal dose contours of 240 EM43 °C with a wider
radial extent were calculated in the 3 MHz case (12.4 mm,
400 s after heating began) than the 7 MHz case (9.0 mm, 400 s
after heating began).

Discussion

Parametric and patient-specific FEM biothermal models were
created using  previously  validated  methodologies
[38,41,47,48] to investigate feasibility and to identify poten-
tial treatment delivery strategies for interstitial ultrasound
ablation of tumours within and near the spine, through
calculation and analysis of approximate temperature and
thermal dose distributions. Preferential bone heating, power
control along the length and angle of an interstitial ultrasound
applicator, and the thermal and acoustic insulation provided
by bone can be of particular use for ablation in and near the
spine, considering the need for precise heating control in
order to protect highly sensitive tissues. Some advantages
of interstitial ultrasound, as previously shown in soft
tissues, have been demonstrated herein for ablation of spinal
and paraspinal tumours: applied powers can be controlled
along the length and angle of the applicator to create tailored
energy patterns conforming to the target volumes while
directing energy away from non-targeted bone and nearby
sensitive anatomy, such as nerves. Furthermore, bone adja-
cent to or surrounding a tumour can augment heating at
the tumour boundaries, shortening treatment times while
containing heating to the target volume, as bone has a high
ultrasound absorption coefficient and is thermally and
acoustically insulating. Given these attributes, interstitial
ultrasound ablation appears feasible to treat soft tissue
tumours adjacent to bone and highly osteolytic tumours
within bone up to 44-52 mm OD. Moreover, tumours within
4-5mm of the spinal canal may possibly be ablated while
maintaining safe thermal dose exposures to nerve tissue in
cases with 4-5 mm thicknesses of normal intervening bone,
tailored directional heating patterns, and/or carbon dioxide
dissection.

Int J Hyperthermia, 2014; 30(4): 228-244

The impact of bone tissue is considerable on the perform-
ance of interstitial ultrasound, and it has a significant role in
thermal dosimetry and treatment outcomes. Normal bone has
an ultrasound absorption coefficient one to two orders
of magnitude higher than that of unossified tissues [35].
At 7MHz, most of the acoustic energy transmitted into bone
is absorbed within 1-3mm of the bone surface, thereby
limiting further penetration (acoustic insulation) and produ-
cing considerable power deposition localised at the bone/soft
tissue interface, which can increase heating at the boundaries
of tumours adjacent to bone. Bone also has a lower thermal
conductivity than soft tissue, providing a modestly increased
thermal resistance or insulating effect. In contrast, osteo-
blastic (high bone content) tumours have high acoustic
attenuations, which can negatively impact acoustic penetra-
tion and the maximum temperatures achievable with intersti-
tial ultrasound.

Parametric and patient-specific simulations indicate that
osteolytic tumours up to 40—47 mm in diameter surrounded by
bone can be ablated within 10 min (Figure 4C), and that
diameters up to approximately 46—56 mm can be ablated with
longer durations approaching 20 min. Limiting applied acous-
tic intensities to 13.7 or 16.6 W/ecm?” in order to not surpass
maximum temperatures of 75° or 85 °C, respectively, and to
avoid boiling resulted in large increases in the time necessary
to treat large tumours. These achievable target dimensions are
similar to those that can be treated with RF, laser, and
cryoablation, and the treatment times are similar to or shorter
than those of these other modalities [20,23,56].

Interstitial ultrasound ablation at 7 MHz is best suited for
the ablation of highly osteolytic lesions. However, for tumours
with high bone content and attenuations over 80 Np/m/MHz
(Figure 3), decreased acoustic penetration causes high
temperature rises very close to the applicator, limiting the
powers that can be applied. Long ablation durations, as in
case 9a (Figure 10G), are necessary for 7MHz ablation of
permeative, mixed, or osteoblastic lesions, which, due to their
higher bone content, are likely to have high ultrasound
attenuation coefficients. Although an exact measurement of
tumour attenuation may be difficult to obtain in clinical cases,
CT scans or histology studies of tumours may provide
information on bone content, based upon which acoustic
attenuation may be estimated [57]. Further studies of the
relationship between the two, as well as closed-loop
power control, may be necessary if the models are
revised for clinical applications. Conduction dominates
heating of the outer portions of tumours with attenuations
of 80-300 Np/m/MHz, such that 2024 mm diameters can be
treated at 7MHz in 15min (Figure 3). Alternatively,
ablation can be performed at 3MHz with shorter ablation
durations, as in case 9b, because greater penetration into
bone at lower frequencies allows for the use of higher powers
without the risk of water vaporisation in tissue (Table V,
Figure 10H). To accommodate the thicker transducers
needed to produce longer wavelengths, 3 MHz applicators
have larger diameters than 7 MHz applicators. The diameters
of the 3MHz applicators considered are similar to some
of those used in vertebroplasty, such as the KyphX
system which requires a 4.2mm cannula (Medtronic,
Minneapolis, MN).
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Patient-specific models demonstrated the feasibility of
interstitial ultrasound ablation of tumours in and near the
spine, with complete ablation of five tumours at least 4.3 mm
from the spinal canal, and ablation of 94.6-100% of the
volumes of four tumours within 4.5 mm of the spinal canal
(Table V). This patient-specific study indicates that tumours
at least 5 mm from the sensitive neural elements can be fully
treated with interstitial ultrasound ablation without the need
for gaseous insulation. However, parametric studies deter-
mined that 4 mm of bone surrounding round tumours may be
sufficient to insulate nervous structures, with 3 mm of bone
sufficient in tumours 16-20 mm in diameter or under 6 mm in
diameter (Figure 5). Thicker bone insulation was required in
some patient-specific models most likely because the tumours
were irregularly shaped. When one portion of a tumour is
wider than another, such as the tumour 4.5 mm from the
spinal canal in case 3 (Figure 6E and F), the higher powers
necessary to ablate the wide portion may overheat parts of the
spinal canal near a narrow portion. In such cases, additional
nervous protection, such as gaseous dissection or reduced
energy directed towards the nerves, may be required in order
to ablate the full tumour volume.

A variety of techniques were found to potentially protect
sensitive anatomy. The critical anatomy in the vicinity of the
spine includes the spinal cord, spinal nerves, aorta, vena cava,
oesophagus, trachea, and lungs. Less or no power can be
delivered to transducer sectors directed towards the spinal
cord, nerve roots, or other sensitive tissues, as in cases 3, 4, 5,
and 8 (Figures 6, 7, 8A and B, 10A-E). In these cases, the
sector angles of the transducers were selected and aimed so
that highly heated areas such as sonicated bone surfaces were
at least 3—4 mm from tissue to be preserved. The number and
length of the transducers can be selected so that the transducer
array extends beyond the full length of the tumour, and so that
individual transducer sectors are aligned with any volumes to
receive less energy (cases 1-9). The applicator can be placed
near critical structures, and all power can be directed away
from them, as in Figure 6(E). Alternatively, a transducer can
be translated and/or rotated to ablate a target volume while
limiting heating of sensitive structures (Figure 10A-E).
Gaseous dissection can be applied to thermally and acoustic-
ally insulate vital neurological structures, which is particu-
larly necessary if there is less than 4-5 mm of healthy bone to
insulate them (Figure 7).

Small osteolytic tumours under 16 mm in diameter were
best heated with fast ablations and high intensities rather than
relatively slowly with low intensities in order to protect
sensitive tissues nearby (Figure 5). These small tumours heat
quickly because of the high temperature peaks at the nearby
tumour/bone boundaries (Figure 4A). When the tumours were
heated relatively slowly, simulations showed damage to
nearby nerves (Figure 5), due in part to thermal conduction
from the highly heated bone surfaces over time and because
slower ablations with lower powers required more energy.

The directionality and minimally invasive nature of
interstitial ultrasound ablation provides it with some benefits
as compared to other ablative modalities, while allowing it to
take advantage of techniques used with the other modalities.
Other ablation modalities used in the spine lack directional
control. To protect the spinal cord, they rely solely on cortical
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bone insulation, the cooling flow of blood and CSF, and/or
carbon dioxide dissection [18,20,23,31], which can also
supplement protection of sensitive tissues during interstitial
ultrasound ablation. Unlike HIFU, which requires an acoustic
window to a large external transducer, interstitial ultrasound
can treat tumours enclosed within bone (Figures 7-10).
A single interstitial ultrasound applicator with variable power
control to four 1 cm long transducers may treat the entire
length of a 43 mm long tumour at once (Table V, Figure 7A
and B). In contrast, RF electrodes with short (1 cm) active tips
need to be used in many cases to prevent neurological damage
[58]. As with other ablative modalities [24,59], an interstitial
ultrasound applicator can be repositioned within a tumour and
multiple applicators can be used simultaneously in order to
ablate larger volumes. Applicator placement and gaseous
dissection for neural protection can be performed following
methodologies already in place for RF and laser ablation
procedures in the spine [16,17,21,23,31].

Development of an accurate and fast treatment planning
platform is challenging for thermal therapy technologies in
general, due to computational complexity and heterogeneous
and often unknown tissue and tumour properties [60-64]. The
patient-specific models generated in this work were used to
estimate temperature and thermal dose distributions produced
by interstitial ultrasound in a variety of generalised cases and
representative patient anatomies, with a focus on exploring
trends, delivery strategies, and potential for use, but not
directly for treatment planning. Improvements in model
accuracy for future patient-specific treatment planning appli-
cations could potentially be attained through determination of
the attenuation coefficient of the tumours, especially those
with variable bone content. It may be difficult to obtain an
exact measurement of tumour attenuation in clinical cases;
however, CT scans or histological data may provide informa-
tion on bone content, based upon which acoustic attenuation
may be estimated [57,65]. In addition, in situ measurements
of tissue properties such as thermal conductivity and perfu-
sion could also improve model accuracy [60,66]. Further,
models in treatment plans could incorporate acoustic output
characteristics specific to individual applicators, which would
be measured in routine quality assurance analysis.
Computational challenges and complexities encountered in
treatment planning could potentially be addressed through
incorporation of simplifying approximations or assumptions
into the modelling framework [61-63].

As demonstrated in this study, clinical implementation of
interstitial ultrasound ablation in and around the spine can be
complex, considering the dramatically different treatment
scenarios which may be encountered. Additionally, the spatial
and dynamic control of heating associated with interstitial
ultrasound technology can provide significant advantages in
this setting, but can also increase the complexity of treatment
delivery and treatment planning. To improve the speed and
practicality of the treatment planning process, practical
selection of applicator position and the length, number, and
angular extent of transducer sectors could be determined a
priori based solely on geometric considerations from diag-
nostic images, to reflect the tumour dimensions relative to the
applicator axis with separate sectors aligned with targeted and
untargeted tissue. Further, optimal treatment delivery
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parameters (e.g. power, duration) could be determined for a
variety of ‘standard’ cases using a combination of theoretical
modelling, optimisation algorithms, and parametric studies,
along with ex vivo and in vivo performance studies.
Following clinical procedures typically used for RF and
microwave ablation, look-up tables based upon this data could
inform selection of applied power levels and treatment
durations, depending upon the tumour dimensions and other
parameters. Fast methods of optimisation-based 3D patient-
specific planning, such as those that employ specific absorp-
tion rate or temperature superposition, or estimation of tissue
properties based on measured temperature changes, could
possibly be employed to determine treatment parameters such
as input power levels, applicator positions, transducer
dimensions, and directivity [49,67-74]. Ultimately, image-
guided placement combined with real-time closed loop
control based on invasive temperature measurements or
MRTI could be utilised to compensate for any treatment
planning limitations and for dynamic tissue changes to obtain
the best possible treatment.

Conclusion

Parametric and patient-specific studies have demonstrated the
capability of interstitial ultrasound ablation to create thermal
lesions conforming to the shapes of tumours in and near the
spine while preserving neighbouring critical anatomical
structures. Preferential acoustic absorption at bone surfaces
results in additional heating at the boundaries of tumours
adjacent to bone, enhancing and accelerating ablation. Larger
3MHz transducers may be used to treat tumours with
attenuations higher than those of soft tissues. Interstitial
ultrasound ablation appears feasible for the complete ablation
of tumours at least 4-5 mm from critical neural structures. To
safely ablate of all or part of tumours 0—5 mm from the spinal
canal and nerves, sensitive anatomy may be maintained at
safe temperatures though carbon dioxide dissection and/or
through control of power along the length and angle of the
applicator, so that little or no energy is directed towards
critical structures.
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