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Purpose: To evaluate the feasibility of line-focused ultrasound for thermal ablation of superficially
located tumors.

Methods: A SonoKnife is a cylindrical-section ultrasound transducer designed to radiate from its
concave surface. This geometry generates a line-focus or acoustic edge. The motivation for this
approach was the noninvasive thermal ablation of advanced head and neck tumors and positive
neck nodes in reasonable treatment times. Line-focusing may offer advantages over the common
point-focusing of spherically curved radiators such as faster coverage of a target volume by scan-
ning of the acoustic edge. In this paper, The authors report studies using numerical models and
phantom and ex vivo experiments using a SonoKnife prototype.

Results: Acoustic edges were generated by cylindrical-section single-element ultrasound trans-
ducers numerically, and by the prototype experimentally. Numerically, simulations were performed
to characterize the acoustic edge for basic design parameters: transducer dimensions, line-focus
depth, frequency, and coupling thickness. The dimensions of the acoustic edge as a function of
these parameters were determined. In addition, a step-scanning simulation produced a large thermal
lesion in a reasonable treatment time. Experimentally, pressure distributions measured in degassed
water agreed well with acoustic simulations, and sonication experiments in gel phantoms and ex
vivo porcine liver samples produced lesions similar to those predicted with acoustic and thermal
models.

Conclusions: Results support the feasibility of noninvasive thermal ablation with a SonoKnife.

© 2011 American Association of Physicists in Medicine. [DOI: 10.1118/1.3601017]
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I. INTRODUCTION

Patients with advanced head and neck tumors remain a chal-
lenging group facing a poor prognosis.l’2 Thermal ablation
therapy using various energy sources has gained acceptance
in the treatment of some advanced cancers and benign
tumors.> '® Noninvasive thermal ablation may enhance the
efficacy of ionizing radiation therapy and chemotherapy, and
potentially reduce the need for surgery, and thus it has the
potential to provide significant outcome improvements and
lower morbidity rates in this and other high-risk patient pop-
ulations.®'*"'® The SonoKnife, a new concept for a noninva-
sive (externally applied), scan-able, high intensity line-
focused ultrasound thermal therapy system, was conceived
for thermal ablation of advanced (persistent or recurrent) su-
perficial head and neck tumors and positive lymph nodes
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that are located not more than 5 cm from the skin and are not
larger than 3 cm in diameter.

Line-focusing may offer some advantages over point-
focusing, which is the most common approach using
spherically curved radiator. In particular, one of the major
drawbacks of point-focused systems is the small volume of
tissue ablated with each sonication. Consequently, in order
to destroy a solid tumor, many sonications are needed mak-
ing treatment times undesirably long."'"'"~'® This significant
challenge to focused ultrasound therapy systems has moti-
vated various approaches seeking to expedite treatment
times and/or create larger thermal lesions per sonica-
tion."®2°7® Line-focusing may also be a potential approach
to speed up treatments by ablating larger volumes along the
line-focus, while stepping or continuously scanning the line-
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focus across a target. Moreover, the length of the line-focus
can be made variable with the proper design of the radiator
(e.g., using an array of independently powered cylindrical
elements) thereby adding the ability to conform the ablation
zone to target volumes. Another potential advantage is lower
peak acoustic intensities produced by the line-focused com-
pared to point-focused devices implying less likelihood for
the occurrence of nonlinear propagation and/or cavitation
effects.?’ "

This feasibility paper represents the first theoretical and
experimental study of the SonoKnife concept as a potential
device for thermal ablation (focused ultrasound surgery). We
performed a numerical parametric study to determine how
the acoustic edge changes with basic design parameters, and
how scanning it in one dimension could create a three-
dimensional thermal ablation lesion. Moreover, a prototype
applicator was constructed based on simulations and the
acoustic fields measured in water. The prototype was also
used to create lesions in gel phantoms and in porcine liver ex
vivo. The data presented here are foundational for future
design and construction of the SonoKnife systems suitable
for phase I clinical trials of advanced cancers in the head and
neck anatomy.

II. METHODS
Il.LA. Acoustic model

Acoustic simulations were performed using the open-
access software package FOCUS from Michigan State Uni-
versity.”! Homogenous muscle tissue was assumed and
water was the coupling medium between the transducer sur-
face and the skin (muscle). A schematic diagram of the
SonoKnife applicator is shown in Fig. 1. Neither reflections
nor refractions were considered at the water-muscle inter-
face. In Fig. 1, parameter R is the radius of curvature of the
cylindrical-section transducer, r is the aperture size (width),
L is the length of the transducer, and d is the position of
water-muscle interface with respect to the center of the trans-
ducer’s radiating area as shown on the right of Fig. 1(b). The
excitation frequency was denoted by f, the tissue acoustic
attenuation coefficient was denoted by o, and the transducer
surface intensity (emittance) was denoted by I.. Note that the
SonoKnife transducer generates a line-focus instead of the
most commonly used ellipsoidal (“point”) focus generated
by spherical-section radiators. The nominal, temperature in-
dependent, parameter values used are given in Table L.

The general computational methodology was as follows.
A planar source pressure distribution at the water-muscle
interface was first computed using a fast near-field
method.**** Subsequently, this planar source was used to
compute the 3D pressure distribution inside the attenuating
medium using the angular spectrum approach.*

To compute the planar source pressure distribution of the
SonoKnife transducer, its radiating area was subdivided into
small rectangles as shown in Fig. 2(a). Therefore, a pressure
distribution generated by the entire transducer was given by
the superposition of the pressures produced by each of these
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FiG. 1. Schematic diagrams of a SonoKnife transducer with a reference
frame. (a) a perspective 3D view. (b) Cross-sectional view in which the
length of the cylinder (L) extends perpendicularly to the plane of the paper
in the y direction.

small rectangular sources. Mathematically this can be repre-
sented as,

pO(Xv}Ia Z) = ZPOm(X1Y1z) (1)

where m is the number of rectangles on the transducer’s sur-
face whose dimensions are comparable to the acoustic wave-
length and pom(X, y, z) is the peak acoustic pressure
generated by a given small rectangle as explained in detail
by Chen and McGough.***

For fast calculations, the pressure distribution inside the
attenuating medium (chosen as muscle is this report) was
computed using the angular spectrum method given by,**

p(x, Y, Z) = pO(Xv Y, ZO) ® hp(xv Y, AZ), (2)
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TaBLE I. Nominal parameter values.

4374

Frequency Radius of curvature Aperture width Length Transducer to skin distance Attenuation coefficient Transducer emittance
f (MHz) R (mm) r (mm) L (mm) d (mm) o (Np/cm/MHz) I. (W/ cm?)
3.0 60 60 30 30 0.04* 3.0

“Reference 63.

where the operator (x inside a circle) denotes the spatial con-
volution along the x and y directions, py(X, y, Zo) is the pres-
sure distribution of the planar source at z =z, hy(x, y, Az) is
the spatial propagator associated with the pressure planar
source, and Az =z — z,. The spatial propagator h,(x, y, Az)
is given by,”

Az . ke
hp(X, Y, AZ) = ﬁ (1 +Jkr>e ke (3)

z (m)

y(m) -0.02 001

(@) x(m)

(b)

Fic. 2. (a) For modeling purposes, the cylindrical surface of the simulated
SonoKnife transducer was composed of an array of small rectangles whose
dimensions are comparable to the wavelength. (b) Photograph of the proto-
type PZT-8 ultrasound transducer used in experiments with an operating fre-
quency of 3.5 MHz, a radius of curvature (R) of 60 mm, a width (r) of 60
mm, and a length (L) of 30 mm. The mount was machined out of Plexiglas.
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where r =1/x% +y2 + Az2, k is the spatial wave number,
and j= (—1)!/2. Acoustic attenuation was incorporated into

the complex pressure calculations by replacing the real-value
wave number k in Eqgs. (1)—(3) with a complex wave number
k — jof.

II.B. Acoustic field parameters

In all simulations, I, was assumed uniform and constant
at 3 W/cm?; this is a reasonable value since piezoelectric
transducers are known to operate in excess of 10 W /cm?.
First, the pressure distribution in a large 3D volume was cal-
culated using FOCUS as described above.?' Then the inten-
sity distributions were calculated according to,

pX(x,y,2)

TR 0

I(x,y,z) =
where p(X, y, z) is the pressure amplitude at the point whose
coordinates are X, y, and z; p is the density of the tissue and
c is the speed of sound in tissue. After the intensity was cal-
culated, the acoustic edge was defined as the region within
and including the —6 dB intensity surface around the line-
focus (equivalent to the volume defined by —3 dB pressure
amplitude surface). The field parameters used to characterize
the SonoKnife was the peak pressure amplitude P, peak in-
tensity I, the average intensity I, within the acoustic edge
and the dimensions of the acoustic edge in the x, y, and z
directions, which were denoted as Ay, Ay, and A,
respectively.

II.C. Thermal model

Pennes’ bio-heat transfer equation (BHTE) was used for
temperature simulations.?’ In the BHTE, the temperature T,
which is a function of space and time, was modeled by the
following partial differential equation,

pc%T =kV’T — W, Gp(T — Ta) + Q,, (5)
where p was previously defined as the tissue density
(kg/m3), C is the specific heat of tissue (J/kg/°C), t is the
elapsed time, k is the thermal conductivity of tissue
(W/m/°C), Wy, is the blood perfusion rate (kg/m’/s), Cy is
the specific heat of blood (J/kg/°C) (assumed equal to C in
this paper), T, is the arterial blood temperature (assumed to
be 37 °C), Q, is the power deposition per unit volume
(W/m?), and 9T/t denotes the partial derivative of the tem-
perature with respect to time. For a plane wave, the power
deposition Q,, can be defined as,>
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_ % 2
Qp(XaYaZ) - pCp (X7Y7Z)7 (6)

where o is the linear acoustic attenuation coefficient of tis-
sue. This expression has been used routinely for modeling
power deposition by focused ultrasound fields in soft tissues
where acoustic scattering can be assumed negligible.®

The transient BHTE was solved numerically using finite
differences, that is, Eq. (5) was discretized in both spatial
and temporal dimensions as follows,*”

Ti,j,k,m _ (1 _ 6Atk _ Atkbcb)rri,j,k,ml
8% pC pC

Atk

8% pC

T R Ti,j,k—lA,m—l)

+ (Ti+l,i,j,k,m—l 4opi-tikm=1 | pijtlkm-l

At .
i,j,k,m—1 7
oo, )

where At is the time step, (i,j,k) denotes the indices of the
spatial grid points in the x, y, and z directions, m denotes the
index of the time step, and ¢ is the uniform spacing between
adjacent grid points in the x, y, and z directions. Parameters
At and ¢ had to satisfy the following relationship to avoid
numerical instability,39

8% pC

A _r -
t< e ()

II.D. Step-scanning simulations

Step-scanning simulations, to illustrate the feasibility of
creating a large thermal ablation zone by scanning the line-
focus, were also performed by shifting the contents of the
power deposition array as a function of time.*’ A linear scan
30 mm long in the x direction, from x =—15 mm to x =15
mm, was completed in 24 consecutive steps. The dwell
(power-on + power-off) time at each step was varied, per a
priori simulation trials, in order to create a relatively uni-
form and ablative thermal dose distribution volume at
depth.lg’19 Also based on these trials, the emittance of the
transducer was set equal to 6 W/cm?”. All nominal acoustic
and thermal model parameters and property values (Tables I
and II) were held constant except for the blood perfusion
term, which was set equal to the nominal value at the start of
the simulation but it was set to zero for points reaching a
thermal dose of 240 equivalent minutes at 43 °C (EM43),
irreversibly. Thermal doses were computed using the well-
accepted formulation of Sapareto and Dewey.*' The initial
and boundary conditions were set to 37 °C except for the
skin which was set to 22 °C to simulate a moderate degree of

TaBLE II. Acoustic and thermal properties of water and muscle.
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skin cooling as it is customary with external thermal therapy
applicators.***?

I.LE. SonoKnife prototype

Based on preliminary simulation results, a prototype cy-
lindrical section transducer was constructed [Fig. 2(b)]. Its
basic characteristics were an operating frequency of 3.5
MHz, a radius of curvature (R) of 60 mm, a width (r) of 60
mm, and a length (L) of 30 mm. The transducer was made of
PZT-8 piezoelectric ceramic material mounted on a custom
machined holder. According to radiation force-balance
measurements, the electro-acoustic efficiency was 65%. The
prototype was tested with up to 120 W, (electric) continuous
mode for 60 s and up to 200 W, at 50% duty cycle. The
transducer was enclosed in a plastic housing that circulated
cooling-coupling degassed water. The housing used a thin
Mylar membrane for transmission of the sound waves into
the target medium. The depth of the line-focus was adjusta-
ble by moving the transducer relative to the Mylar mem-
brane (along the z direction) via a waterproof shaft-O-ring
assembly.

Il.LF. Pressure field measurements in water

Acoustic field measurements were carried out in a tank
filled with degassed water equipped with a computer-con-
trolled 3-axis-positioning system that was used to scan a 0.2
mm diameter needle hydrophone (Model HPMO02/1, Preci-
sion Acoustics, United Kingdom). The transducer, in a fixed
location, was impedance-matched and driven by a 50 ohms
output power generator (Model 500-018, Advanced Surgical
Systems). The acoustic signals were detected by the hydro-
phone connected to an oscilloscope (Model HP54600A,
Hewlett-Packard). The hydrophone was step-scanned around
the line-focus in step sizes of 0.4, 0.5, and 0.5 mm along the
X, y, and z directions, respectively.

Il.G. Lesions in gel phantoms

Gel phantoms containing egg whites were used to visual-
ize qualitatively thermal lesions induced by the SonoKnife
prototype in a homogeneous medium. The phantoms were
made in our laboratory. They were composed of 28.6%
water, 24.4% of 40% acrylamide solution (Sigma), 16.8% of
2% Bis acrylamide solution (Fisher), 30% of egg whites,
0.05% ammonium persulfate, and 0.02% Tetramethylethyle-
nediamine (TEMED). This recipe results in a solid gel
with acoustical properties close to those of soft tissues
(c=1542 m/s and o =0.024 Np/cm/MHz).** The presence
of egg whites makes the phantom become opaque when
heated. This property allowed us to identify qualitatively the

Tissue c(m/s) p(kg/m?) C(J/kg/°C) K(W/m/°C) Wy(kg/m®/s) «(Np/cm/MHz)
Water 1500 1000 4180 0.62 0 25%x107*
Muscle 1569 1138 3720 0.5 nominal =5, ablated =0 0.04

Medical Physics, Vol. 38, No. 7, July 2011
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“ablated volume” or lesion shape in three dimensions.** For
our recipe, we measured a transition temperature around 62
°C. After preparation, the mixture was poured into a mold.
Once the mixture solidified, it was taken out of the mold and
used immediately for experiments.

The general methodology for these measurements was as
follows. The SonoKnife prototype was positioned on top of
a phantom, with the geometric line-focus set at a desired
depth by adjusting the transducer position vertically inside
its plastic housing [not shown in Fig. 2(b)], so that the sound
propagation was vertically downward. The sonication pa-
rameters (power and time) were chosen based on a priori tri-
als. The sound was coupled across the Mylar membrane
using a small amount of ultrasound transmission gel (Aqua-
sonic 100) between the membrane and the phantom. After a
sonication, the phantom was photographed from three or-
thogonal directions to visualize the shape of the lesion in
three dimensions.

Il.LH. Thermal ablation of ex vivo porcine liver

Fresh porcine livers were provided by a local vendor
(Odom’s Tennessee Pride Sausage, Inc.) on the same day of
the experiments and maintained at room temperature. As for
the sonications in gel phantoms, a set of trials were con-
ducted to determine sonication parameters for the final
experiments.

The general methodology for the ex vivo measurements
was similar to the one used for gel phantoms. The SonoKnife
prototype [including plastic housing not shown in Fig. 2(b)]
was positioned on top of a liver sample with its geometric
line-focus set at a desired depth. The sound was coupled
across the Mylar membrane using a small amount of ultra-
sound transmission gel between the membrane and the liver
sample. After a sonication, the ablated sample was first cut
along the line-focus and photographed. Subsequently, the
sample was cut midway and perpendicularly to the line-
focus and photographed. Therefore the two photographs or
views for each sample show the thermal lesion across
(x direction) and along (y direction) the line-focus.

lll. RESULTS
lll.LA. Focal plane pressure distributions

Simulated and measured (in water) pressure amplitude
distributions in three orthogonal planes through the line-
focus generated by the SonoKnife are plotted in Fig. 3. Nom-
inal parameters (Table I) were used except for frequency,
which was that of the SonoKnife prototype (3.5 MHz). As
shown, the SonoKnife generates a sharp line-focus whose
length in the y direction is close to the length (L) of the
SonoKnife transducer.

lll.B. Influence of design parameters

In this section, simulation results are presented showing
the influence of each design parameter on field parameters
(peak pressure amplitude, peak intensity, and average inten-
sity within the acoustic edge) and the size of the acoustic
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edge in the x, y, and z directions. In each set of simulations
presented in Figs. 4-8, only one parameter was varied at a
time, while the other parameters were held constant at the
nominal parameter values of Table 1.

Figure 4 shows the influence of frequency (f) on field pa-
rameters and size of the acoustic edge. Frequency (f) was
varied from 0.5 to 5 MHz. The field parameters first
increased rapidly with f, but at about 4 MHz they reached
their maximum values. The size of the acoustic edge in the x
and z directions decreased with increasing f while in the y
direction slightly decreased to a minimum value at 2 MHz,
then increased.

Figure 5 shows the influence of radius of curvature (R) on
field parameters and the size of the acoustic edge. R was var-
ied from 40 to 80 mm with an interval 10 mm. Field parame-
ters decreased with increasing R. The size of the acoustic
edge in the x and z directions increased, while in the y direc-
tion decreased slightly with increasing R.

Figure 6 shows the influence of aperture size (r) on field
parameters and the size of the acoustic edge. The aperture
size (r) was varied from 40 to 80 mm with an interval of 10
mm. Field parameters increased with increasing r. The size
of the acoustic edge in the x and z directions decreased with
increasing r but it was unaffected by r in the y direction.

Figure 7 shows the influence of the transducer to skin dis-
tance (d) on the field parameters and on the acoustic edge
dimensions. The parameter d was varied from 10 to 50 mm
with an interval of 10 mm. The figure shows that increasing
d increases the values of the field parameters while it has no
influence on the size of the acoustic edge. The influence of
tissue attenuation on the field parameters and the size of the
acoustic edge were also studied (results not shown). The
pressure attenuation coefficient (o) was varied from 0.02 to
0.08 Np/cm/MHz. While the size of the acoustic edge was
not impacted, as was the case of varying d, the field parame-
ters at the focus decreased with increasing o.

lll.C. Simulated focal plane temperature and thermal
dose distributions

Temperature and thermal dose distributions on the focal
y—z plane induced by the SonoKnife for nominal parameters
listed in Table I are plotted in Fig. 8. The uniform spatial re-
solution (d) and the time step (At) used in the temperature
and thermal dose simulations were 0.333 mm and 0.03 s,
respectively. The nominal distance between the focus and
the skin was 3 cm. The distributions on the x =0 plane are
shown after 20 s of sonication. The maximum temperature in
Fig. 8(a) reached 61 °C while thermal doses well in excess
of 240 EM43 were induced within the sonicated volume as
shown in Fig. 8(b). The thermal properties of water and mus-
cle used in these simulations are listed in Table II.

Step-scanning simulation results are presented in Fig. 9.
Figures 9(a)-9(c) show temperature and thermal dose distri-
butions at the y=0, z=60 mm, and x=13.2 mm planes,
respectively, after step-scanning the line-focus in the x direc-
tion from —15 to 15 mm in steps of 1.25 mm. The power-on
times per step were as follows: for scanning steps 1-3, 5.8 s;
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FiG. 3. Simulated (a, ¢, and e) and measured (b, d, and f) pressure distributions on the central y—z plane (x = 0), central z—x plane (y = 0) and central y—x plane
(z=60 mm). The frequency was that of the SonoKnife prototype, 3.5 MHz. All other parameters had nominal values (Table I). Both the simulated and meas-
ured pressure distributions were self-normalized. See Fig. 1 for the reference frame.
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emittance and muscle perfusion. The former was set to 6
W /cm? and the latter was changed from 5 kg/m?/s to zero
for voxels that reached a thermal dose of 240 EM43. The
contours shown represent the cumulative 240 EM43 thermal
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of the scan. However, a large volume with thermal doses
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>240 EM43 was induced in the entire scanned region as
shown.

lll.D. Visualization of thermal lesions in gel phantoms

Thermal lesions created by the SonoKnife prototype in
gel phantoms are qualitative visualized in the photographs
shown in Fig. 10. Based on a priori trials, the static sonica-
tions were for 20 s using an acoustic power of 120 W. The
line-focus was positioned 1.5 cm deep. Results for a cubical
and a cylindrical phantom are shown. Figures 10(a) and
10(b) are beam’s eye view photographs (line-of-sight along
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the z direction). The line-of-sight was in the y direction in
Figs. 10(c) and 10(d), showing the projected shape of the
lesion across the line-focus. In Figs. 10(e) and 10(f) the line-
of-sight was in the x direction, showing the projected shape
of the lesion along the line-focus. Both lesions were similar.
Please note the different scales.

lll.E. Thermal ablation lesions created in porcine liver
ex vivo

Typical static thermal ablation lesions created by the
SonoKnife prototype in porcine liver ex vivo are shown in
Fig. 11. Two different lesions and two views for each lesion
are shown. An acoustic power of 108 W was used in both
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cases. For the first lesion, Figs. 11(a) and 11(b), the power-
on time was 30 s and the line-focus was aimed at 1.5 cm
deep. For the second lesion, Figs. 11(c) and 11(d), the expo-
sure time was 20 s and the line-focus positioned at 2 cm
deep. Figures 11(a) and 11(c) show x—z planes (across the
line-focus) while Figs. 11(b) and 11(d) show y—z planes
(along the line-focus). The sound propagation direction is
indicated by the white arrows.

lll.LF. Comparison of a SonoKnife to a spherical-
section transducer

A simulation using the nominal parameter values was
performed to compare a SonoKnife transducer to an
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FiG. 8. Focal plane temperature and thermal dose distributions on the central
y—z plane (x =0) after 20 s of static sonication. Nominal parameter values
were used. Note that in 9(b) the scales were changed to zoom in into the
ablation zone. The three iso-contours in 9(b) are the 10 (outer), 100 and 240
(inner) EM43.

equivalent radiating area spherically curved transducer.
Amplitudes of pressure distributions of the two transducers
on the x =0 plane were compared (results not shown). As
expected, the SonoKnife transducer generated a “large”
strip-focus along the y and z directions [as in Fig. 3(e)]
while the spherical transducer generated a sharp ellipsoidal
focus along the z direction. Likewise, the peak pressure
amplitude of the SonoKnife transducer was an order of
magnitude smaller than that of the spherical-section trans-
ducer. The field parameters and the size of the acoustic
edge in the x, y, and z directions for the SonoKnife trans-
ducer and the spherical transducer are listed in Table III.
The two transducers had the same radiating surface area of
18.85 cm” and the same emittance of 3 W/cm®. The peak
intensity of the spherical-section transducer was about 20
times larger than the peak intensity of the SonoKnife. The
size of the acoustic edge in the x and z directions for the
bowl transducer were slightly larger than for the Sono-
Knife, while the size of the acoustic edge in the y direc-
tion for the SonoKnife transducer was 33 times greater
than for the spherical-section transducer.
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Fic. 9. Temperature and thermal dose distributions on (a) the central z—x
plane (y =0), (b) a y—x plane (z=60 mm), and (c) a y—z plane (x=13.2
mm) after step-scanning the acoustic edge in the x direction from —15 to 15
mm. The scanning step was 1.25 mm for a total of 24 steps. For scanning
steps 1-3, 4-6, and 7-24, the power-on times were 5.8, 5.0, and 4.15 s/step,
respectively. The power-off time in-between sonications was 30 s; conse-
quently, the time to complete the entire scan was 797 s. Nominal parameter
values were used except for: the emittance was equal to 6 W/ cm®, Wy, was
set to zero at points that reached 240 EM43, and the skin temperature was
held at 22 °C to simulate forced cooling. The contours shown represent the
cumulative 10 (blue), 100 (black), and 240 (red) EM43 thermal isodoses af-
ter the scan was completed. In (b) only two isodose contours are plotted for
clarity.
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Fic. 10. Photographs of lesions created by the Sono-
Knife prototype inside gel phantoms. The sonications
were for 20 s for an acoustic power of 120 W (no scan-
ning). The line-focus was positioned approximately at
1.5 cm under the phantom surface. Results for two dif-
ferent phantoms are shown, one was cubical (a, c, e)
and one cylindrical (b, d, f). (a) and (b) are beam’s eye
view photographs (line-of-sight along the z direction).
In (c) and (d) the line-of-sight was along the y direc-
tion, showing the projected thickness of the lesion
across the acoustic edge. In (e) and (f) the line-of-sight
was along the x direction, showing the projected length
of the lesion along the acoustic edge.

FiG. 11. Photographs of thermal ablation lesions cre-
ated by the static SonoKnife prototype in porcine liver
ex vivo. Two different lesions are shown, one in (a) and
(b), and the other in (c) and (d). The acoustic frequency
was 3.5 MHz. The sonications used an acoustic power
of 108 W for 30 s aimed at 1.5 cm deep and for 20 s
aimed at 2 cm deep for the first and second samples,
respectively. In (a) and (c) it can be seen the samples
were cut to reveal the lesions in the y—z planes shown
in (b) and (d). The yellow arrows denote the direction
of acoustic propagation.
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TaBLE III. Peak pressure amplitude, peak intensity, average intensity, the size of the acoustic edge in the x, y, and z directions for a SonoKnife transducer and

a spherical-section transducer with the same radiating surface area and emittance.

f R T L Peak pressure Peak intensity Avg. intensity Ay Ay A,
(MHz) (mm) (mm) (mm) (MPa) W/ sz) W/ cm?) (mm) (mm) (mm)
Spherical transducer 3.0 60 47.95 — 4507 2455 0.875 0.875 6.625
SonoKnife transducer 3.0 60 60 30 224 118 0.625 28.63 4.375

IV. DISCUSSION AND CONCLUSIONS

The concept of a cylindrically shaped ultrasound radiator
for therapy applications, where the sound is emitted from the
radiator’s concave surface, is not new. ¥4 However, the lit-
erature does not have many reports on the use of a line-
focused acoustic device for thermal therapy except for a
1990 patent by Lele, who proposed it for hyperthermia appli-
cations (nonablative temperatures), and the more recent de-
velopment of slightly focused curvilinear applicators for
transurethral prostate thermal therapy.’®>? Lele’s patent
mentioned the potential advantage of lower intensities
afforded by line-focusing over point-focusing transducers.
To our knowledge, however, strongly line-focused ultra-
sound applicators have not been studied for noninvasive
thermal therapy applications other than hyperthermia. Our
current research project seeks to evaluate ultrasonic line-fo-
cusing for externally applied thermal ablation of targets up
to about 5 cm from the skin surface. A system based on the
SonoKnife concept may be able to ablate targets in shorter
treatment times by scanning the acoustic edge (i.e., the
region enclosed by the —6 dB intensity cloud) than a spheri-
cally focused system, with the additional potential advantage
of lower instantaneous acoustic intensities to subdue nonlin-
ear propagation phenomena and/or cavitation effects. In this
paper, we report the first numerical and experimental charac-
terization of the SonoKnife concept to evaluate feasibility as
a first step for ultimate application in humans.

The simulated and measured beam plots of Fig. 3 are in
good agreement. They demonstrate that the SonoKnife pro-
totype of Fig. 2(b) behaved according to linear acoustic
theory and support the use of our modeling approach for
future treatment planning applications. This figure also illus-
trates why we have called our device “SonoKnife”. The in-
tensity distributions at the geometric focal depth of Figs.
3(a) and 3(b) show the length and the thickness of the acous-
tic edge. In both simulated and measured fields, the length
was 28 mm, which is close to the physical length of the
transducer [Fig. 1(b)], and the thickness was less than 1 mm
along the entire length. The comparison of the cylindrical
and the spherical transducers presented in Table III showed
that the —3 dB isobar thickness in the x direction (A,) is
smaller for the SonoKnife than for the equivalent radiating
area curved radiator. The sharpness of the acoustic edge can
also be appreciated in Figs. 3(c) and 3(d) on central x—z
planes (y=0). Lastly, the beamplots on the y-z planes
(x=0) revealed that the pressure distribution inside the —3
dB isobar is nonuniform; it exhibits multiple lobes with the
maximum pressure magnitudes toward the ends of the acous-
tic edge due to well-documented diffraction effects.
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We now discuss results from the numerical parametric
study. The variation of the operating frequency is illustrated
in Fig. 4. Increasing the frequency increased the values of
the field parameters up to about 4 MHz, as expected, as
smaller wavelengths allow tighter focusing and thereby
higher peak intensities; however, acoustic attenuation
increases with frequency thus having the opposite effect. As
for the size of the acoustic edge, the curves in Fig. 4 were fit-
ted and found to have linear relationships with the acoustic
wavelength (1 =c/f) as follows,

A, =979.7 (;) 4+0.185 and A, — 8972(%) —0.3486.

Thus, the higher the frequency, the smaller the size of the
acoustic edge in the x and z directions; this is consistent with
tighter focusing with increasing frequencies. The length of
the acoustic edge varied from ~28 to 30 mm, implying that
it is strongly determined by the value of L (Fig. 1); and it is
important to note that it is not much smaller than L. The next
parameter varied was the radius of curvature R, which not
only affected the geometry of the SonoKnife (effectively
increasing the f-number of the transducer) but also the posi-
tion of the focal depth. In general, as R increased the field
became less focused (for a planar transducer R — ©0), and
in fact the size of the acoustic edge in the x and z directions
increased with R (Fig. 5). Another factor was that the radiat-
ing surface area of the transducer decreased about 10%
when R increased from 40 to 80 mm because of the corre-
sponding change in the arc length of the cylindrical section.
The combined effect was that the value of the field parame-
ters decreased as R increased. The effect of the aperture size
r was opposite to the effect of the radius of curvature R, as
can be observed in Fig. 6, because increasing r decreased the
f-number of the transducer. Thus, field parameters increased
and the size of the acoustic edge in the x and z directions
decreased with increasing r. In addition, the transducer sur-
face area increased (and thereby the total output power) with
r while the focal depth remained unchanged. Increasing the
transducer-skin distance d, thereby decreasing the focal
depth, increased the values of the field parameters and did
not affect the size of the acoustic edge (Fig. 7). Thus, the
main effect of increasing d was a corresponding shorter
attenuating path-length in muscle. Likewise, variations in
the attenuation coefficient did not affect the size of the
acoustic edge (results not shown), and as expected, higher
attenuation resulted in lower field parameters. A general con-
clusion that can be drawn from the parametric study is that
the field parameters and the size of the acoustic edge are
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impacted more strongly by the geometry of the transducer
than by the soft-tissue type (attenuation coefficient) or depth
of the line-focus. Nevertheless, our model neglected scatter-
ing. It might be possible that highly scattering tissues or sig-
nificant scattering increases during thermal ablation may
produce larger acoustic edge sizes than predicted here.”®

A comprehensive thermal characterization of the Sono-
Knife including scanning of the acoustic edge to “carve’ out
solid tumors is beyond the scope of this paper. In general,
static and step-scanning simulation results of Figs. 8 and 9,
respectively, serve to demonstrate that for conservative pa-
rameter values the focusing gain of the SonoKnife is suffi-
cient to elevate tissue temperatures above 52 °C and induced
thermal doses >240 EM43 in the focal plane in reasonable
times. It is well established that heating soft tissues for a few
seconds above 50 °C or inducing thermal doses >240 EM43
(~1 s at 51 °C) causes protein coagulation and necro-
sis.!7#1:5435 Fioure 8 shows the resulting temperature (a)
and thermal dose (b) distributions after 20 s of sonication
with an static transducer. Two important observations are:
first the maximum temperature and thermal dose elevations
were located at 1.5 to 2 mm before the focal depth, and sec-
ond there was some temperature elevation near the skin
(from 37 to ~41 °C), but not significant thermal dose; that
is, thermal doses were <<240 EM43 near the skin. Results
in Fig. 9 illustrate the feasibility of step-scanning the line-
focus to ablate a larger volume at depth. The ablated zone
was assumed the volume that reached 240 EM43, which are
the regions inside the red contours. Per these contours, the
approximate dimensions of the ablated volume in the x, y,
and z directions were 28, 22, and 10 mm, respectively. This
is a significant volume coverage for a 13 min treatment.

Finally, Figs. 10 and 11 present experimental thermal
lesion results in gel phantoms and porcine liver ex vivo,
respectively. The transparent gel permits the qualitative visu-
alization in three orthogonal planes of lesions created in a
homogeneous medium. The general shapes of the lesions are
in good agreement with the pressure distributions of Fig. 3
and the thermal distributions of Fig. 8. There is also agree-
ment with Fig. 8 in that the lesions did not extend all the
way to the surface of the phantom in contact with the Sono-
Knife. There is also good general agreement of Figs. 3, 8,
and 10 with Fig. 11, although the lesions appear closer to the
top of the samples. This was likely due to the higher acoustic
attenuation of fresh porcine liver than of gel phantoms.

In aggregate, the above results support the idea of scan-
ning the acoustic edge of the SonoKnife to destroy relative
superficial tumors/nodes in the head and neck. A simple lin-
ear array of cylindrical-section elements could be used to
change the length of the acoustic edge (in the y direction) to
conform to varying tumor geometry as a function of scan
position. The size of the tumor would dictate the number of
scans of the line-focus at various depths, beginning with the
deepest portion of a tumor.

In order to provide a reference, the SonoKnife was com-
pared to a spherical-section transducer having the same radi-
ating area and emittance. The magnitude of the field
parameters was lower for the SonoKnife than for the curved
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radiator by an order of magnitude, while the dimensions of
the acoustic edge in the x and z directions were smaller for
the SonoKnife. According to this comparison, a fifteenfold
increase in focal volume resulted in a twentyfold decrease in
peak intensity.

There may be other potential applications of the Sono-
Knife. For instance, it may be suitable for thermal ablation
of cancerous breast lumps and nodes.”’® At high powers, it
could be used for emergency hemostasis of punctured blood
vessels by applying the acoustic edge perpendicularly to ves-
sel’s axis.”” While at low powers, the line-focus may be used
for sono-thrombolysis of vein thrombosis or arterial occlu-
sion in the extremities.’®>® Another potential application is
transcostal focused ultrasound surgery of liver tumors by
aiming the acoustic edge through the intercostal space to
avoid bone overheating.60 Finally, the SonoKnife could be
used to treat malignancies in long bones by matching the
length of the acoustic edge to the length of diseased bone
section.®"*%? Future research will determine those applica-
tions for which a line-focus may offer advantages.

In summary, a noninvasive, line-focused scanning ultra-
sound thermal therapy concept we named SonoKnife was
developed and tested. Numerical simulations were per-
formed to characterize the acoustic edge of the SonoKnife
using an acoustic model based on the free-access FOCUS
software and a thermal model using Pennes’ bio-heat trans-
fer equation. Static transducer simulations showed that a
SonoKnife could generate a thermally ablative line-focus
while step-scanning simulations support the feasibility of
scanning the line-focus to treat “carve” out tumors. The
parametric study also showed that the operating frequency
was most influential on the dimensions of the acoustic edge,
while the radius of curvature was most influential on the val-
ues of the field parameters. In general, the geometry of the
transducer strongly affected both the field parameters and
the size of the acoustic edge. A prototype transducer was
built for experiments. Pressure distributions measured in
water agreed well with simulated distributions. Lesioning
experiments in gel phantom and ex vivo liver provided infor-
mation on the size and shape of thermal lesions created by
the SonoKnife during static sonications and their general
agreement with the modeling results. The data presented in
this report support the feasibility of the SonoKnife concept
for thermal ablation of superficial tumors. Further characteri-
zation will include modeling of nonlinear effects in hetero-
geneous tissues (including bone and air cavities), extensive
thermal simulations of a scanning and variable-length acous-
tic edge, and in vivo studies.
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