Blood flow cooling and ultrasonic lesion formation

Michael C. Kolios, Michael D. Sherar, and John W. Hunt
Department of Medical Biophysics, University of Toronto and Princess Margaret Hospital/Ontario Cancer
Institute, Toronto, Ontario M5G 2M9, Canada

(Received 28 June 1995; accepted for publication 13 December 1995)

This article examines lesion formation using focused ultrasound and demonstrates how blood flow
may affect lesion dimensions using a theoretical model. The effects of blood flow on temperature
distributions during ultrasonic lesioning are examined for both regional cooling by the microvas-
culature and localized cooling due to thermally significant vessels. Regional cooling was critically
assessed using two models: the Pennes bioheat transfer equation and the scalar effective thermal
conductivity equation. Localized cooling was modeled by adding an advective term in the heat
diffusion equation in regions enclosed by thermally significant vessels. A finite difference approach
was used to solve the basic equations of heat transfer in perfused tissues in cylindrical coordinates.
The extent of the lesioned tissue was determined by the accumulated thermal dose at each location.
The size of the lesion was then calculated from the boundaries of the thermal isodose curves
generated by the simulations. The results were compared to published in vivo lesion data in rat liver.
It was shown that even for short ultrasound exposure times (~8 s), blood flow may play an

important role in the thermal dose distribution.
Medicine.

© 1996 American Association of Physicists in

Key words: ultrasonic lesioning, bioheat transfer, large vessel cooling

I. INTRODUCTION

Focused ultrasound has been used to produce lesions in tis-
sues for the treatment of various pathologies.!™ The advent
of imaging modalities that can image tissue damage in real
time together with the better understanding of the interaction
of ultrasound with tissues has renewed interest in ultrasound
surgery. It has been postulated that the primary mechanism
of lesion damage is thermal in nature.*~” Therefore, to char-
acterize lesion formation, accurate thermal models are re-
quired that calculate the transient temperature distributions
reached during the insonication. Knowledge of the time-
temperature history of the tissues can be used to predict the
extent of lesion formation. Blood flow may play an impor-
tant role since it can have strong cooling effects in the heated
field. This article is an extension of work done previously to
predict lesion formation using focused ultrasound and ther-
mal criteria for lesion onset.*® The primary aim of this ar-
ticle is to examine how blood flow affects lesion dimensions.

Work from the field of hyperthermia has shown that blood
flow cooling can be divided into the highly localized cooling
by individual large vessels traversing heated volumes and
microvascular cooling that occurs over larger tissue scales.
The localized cooling by thermally significant vessels (&
>~0.2 mm) can usually be adequately modeled by a forced
convection term in the regions of blood flow. Smaller sized
vessels, due to their number and complex geometry, cannot
be accounted for individually. To account for these vessels,
the contributions of many blood vessels are averaged in or-
der to predict a local average temperature.'® Two such mod-
els have been used in hyperthermia treatment planning: the
Pennes bioheat transfer equation (BHTE)'! and the scalar
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effective thermal conductivity equation (ETCE).!*!* The
BHTE assumes that blood reaches the capillaries at the tem-
perature of the supply vessels and thermally equilibrates with
the surroundings instantaneously. The blood exits the veins
at the local average temperature. Microvascular flow thus
acts as a heat sink in this model. The ETCE model assumes
that blood equilibration occurs at higher levels of the circu-
lation, and that the collective effect of these vessels can be
modeled as an enhanced conductivity of tissue. Under certain
conditions, the effective conductivity tensor can be simpli-
fied to a scalar. A review of existing models can be found in
Arkin ez al.'* Recent experimental data supports both models
mentioned.'>16

Few studies™!” address the problem of blood flow cooling
during ultrasonic lesion formation and none compare thermal
model predictions of the BHTE and ETCE. In this work, the
effects of blood flow on temperature distributions during ul-
trasonic surgery are examined for the regional cooling by the
microvasculature (using the BHTE and ETCE models) and
localized cooling of thermally significant vessels. Based on
the time-temperature curves, predictions are made as to the
extent of the lesioned tissue. The predictions using the
BHTE and ETCE are compared using published coefficients
for volumetric perfusion and effective conductivity.'® Lesion
dimensions are then compared to published in vivo rat liver
data in experiments with and without blood flow to the
organ.'® Furthermore, novel thermal models® are used to
predict time-temperature profiles near large blood vessels.
These models provide better approximations to the tempera-
ture profiles near large vessels that have been used previ-
ously, especially for transient calculations.
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FiG. 1. Intensity pattern contours for the transducer used in the simulations
(10% contour lines). The focal length of the 10 ¢m diam 1.7 MHz transducer
is 14 cm and has a full-width half pressure maximum of ~2.4 mm.

il. METHODS
A. Ultrasound field calculations

At each computational node, the tissue power absorption
was calculated based on the ultrasonic intensity profile. The
Wu and Du Gaussian beam model?! was used to estimate
intensity patterns of the focused ultrasound applicators. For
the case of cylindrical symmetry, the equations are
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TABLE 1. List of ultrasonic parameters used in simulations.

Transducer frequency (MHz) 1.7
Transducer radius of curvature {(cm) 14
Transducer diameter (cm) 10
Intensity absorption coefficient (Np/cm) 0.2
Attenuation coefticient (Np/cm) 0.2
8 WO ' 12 2
I(r',Z’)zﬂ_D—Z A(Z/)€\27’Z e(—SAr )/1)0’ (l)
0
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The calculated normalized intensity pattern of the ultrasonic
transducer used in these simulations is shown in Fig. 1. This
simple formulation was used for rapid calculation of the
acoustic fields, and ignores intensity side lobes that are
formed by the ultrasound transducers. However, good agree-
ment was found when this model was used to predict tem-
perature elevation in a tissue equivalent phantom.?? The
volumetric power deposition was derived by multiplying the
intensity with the tissue absorption coefficient:

P(r.z)=ulg(r.z)e” ™. (3)

It was assumed that all the attenuated power was absorbed
and that the acoustic properties did not change during the
insonication, thereby simplifying the problem. Experimental
evidence, however, suggests a strong dependence of tissue
attenuation with temperature, increasing with temperature,23
and a significant increase in the tissue absorption coefficient
for nonlesioned compared to lesioned tissue (by
100%-150%).2* The acoustic properties used are listed in
Table 1. To compare the model predictions to experimental
data of lesions formed on the rat liver surface,19 the beam
was focused 10 mm below the organ surface by assigning no
ultrasonic absorption until 10 mm proximally to the focus.
For the other simulations, the surface was located 3 cm away
from the ultrasonic focus.

B. Temperature calculations

A finite difference algorithm was used to solve the BHTE
and ETCE in cylindrical coordinates with or without a ther-
mally significant vessel in the heated field. The geometry is
given in Fig. 2. In brief, the equations solved were:

aT+ ar L 02T+1¢9T+¢92T
PoCh o ‘Pbeu(r)éTZ— nE Ty T

+P,, vessel domain 4)

aT #T 19T 6T
pict o kel Tt Tt T =wyucp(T(r,2) = Ton)
+P,, tissue domain. (5)

The vessel domains are modeled by Eq. (4), and the tissue
regions are modeled by Eq. (5). The second term on the left
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FiG. 2. The geometry of the simulations (cylindrical geometry). A focused ultrasound transducer insonicates perfused tissue with a vessel located at the center.

hand side of Eq. (4) is the advective term that models heat
transport due to the mass transport of blood. The spacing in
the axial direction dz was 1 mm while in the radial direction,
the grid spacing dr varied linearly from 3.6 107 to 0.2 mm.
The computational domain was 10 cm in the axial direction
and 4 cm in the radial direction. The outer radial boundary
and the face of the cylinder (z=0 cm) were set to a constant
temperature while an adiabatic condition was implemented at
the cylinder end (z=10 cm). Details on the numerical
scheme can be found elsewhere.?>?

For simulations with no large vessels, Eq. (5) was solved.
The BHTE was modeled by setting k=%, in Eq. (5) and
adjusting w), to the value of interest (for the rat liver ~200-
250 ml/100g/min)." In the simulations the value of 240 ml/
100 g/min (0.04 g/cm’/s) was used. Similarly, for the ETCE
model, the second term on the right hand side of Eq. (5) is
set to zero and k¢ assigned an equivalent value according to
the experimental data of Crezee:!®

kegr=k 1+ aw,),

(6)

where @=0.12 (ml/100 g/min)~". Perfusion values were con-
verted from ml/100 g/min to g/cm®/s by dividing by 6000,
assuming a tissue density of 1 g/cm’. Thus, for a tissue per-
fusion of 240 ml/100 g/min (0.04 g/cm>/s) the effective con-
ductivity is ~29 times greater than the intrinsic conductivity
of tissue. It was assumed that thermal properties and blood
flow did not change during the insonication (listed in Table
II). The power deposition was calculated by Eq. (3). In the
vessel region, [Eq. (4)], it was assumed that the velocity
profile was parabolic and that absorption of ultrasound by the
blood was 10% of that for tissue.?®

TasLE IL. List of physical parameters used in temperature calculations.

Tissue/blood specific heat capacity (J/g/°C) 4.18
Tissue/blood density (g/cm’) 1
Tissue/blood conductivity (W/cm/°C) 0.006
Blood perfusion (g/cm’/s) 0-0.04
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C. Lesion criteria

In vitro*' and in vivo®® data have demonstrated that the
time required to produce a thermal isoeffect is decreased by
a factor of two when the temperature is elevated by 1 °C for
temperatures above 43 °C. This holds for tissue necrosis as
the endpoint. A thermal dose can be defined as that which
relates the time (¢) required to produce an isoeffect (e.g., 3
logs of cell kill) at temperature T to the equivalent time
(TD,3) which would be required to produce the same effect
at 43 °C:*%

fend

TD ;= 2, 27097y,

1=ty

T>=425°C (min), )

Tend

TD43= E 2_0'56T(t)—42‘5At,

t=ty

T<425°C (min). (8)
According to the above formulation, heating tissues to 43 °C
for 120 min is equivalent to heating to ~56 °C for 1 s. This
formula has been verified for temperatures up to 57 °C>%
and has been successfully used in predicting ultrasonic lesion
size in vivo.”

In this work, tissue exposed for more than the equivalent
of 60 min at 43 °C was considered lesioned. This is roughly
equivalent to 3 logs of cell kill in a typical cell survival
experiment and has been shown to induce tissue necrosis in
vivo.?® The size of the lesion was then calculated from the
boundaries of the thermal isodose curves generated by the
simulations. While tissues in general have a different 7D 4,
to induce tissue necrosis, it is assumed here that the tissues
are homogeneous and that the threshold is the same through-
out the region of interest.

Ili. RESULTS

For a typical insonication, the time-temperature curves at
the focal point are shown in Fig. 3(a). The in situ intensity
level I, used in the simulations was 100 W/cm? (equiva-
lent to a peak intensity of 180 W/cm?), where Igar is the
spatially averaged focal intensity.5! A sharp temperature
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Fig. 3. Time-temperature profiles at focus for a 6, 12, and 20 s insonication (180 W/em? peak intensity) for (a) the BHTE and (b) the ETCE. In (a),
temperature profiles for no perfusion (solid line), a perfusion of 0.002 g/cm/s or a perfusion of 0.04 g/cm’/s while in (b) profiles for no perfusion (solid line),
an effective conductivity of 0.024 W/cm/°C (dashed line) or an effective conductivity of 0.179 W/cm/°C (long dashed line). Equivalent perfusion values

derived from experimental data (Ref. 16).

rise is followed by a decline immediately after the ultrasound
is turned off. A significant portion of the thermal dose is
delivered after the transducer is turned off, and thus the tem-
perature decay is critical to the accumulated thermal dose.
For the power levels used in this example, the maximum
temperature reached is approximately 70 °C without flow.
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For tissue perfusions comparable to liver (~200-250 ml/100
g/min), the temperature profiles are modified. The BHTE
predicts a small reduction in the temperatures profiles [in
Fig. 3(a)]. According to the ETCE, however, the maximum
temperature rise for highly perfused tissues reached a maxi-
mum temperature of only 40 °C due to the high tissue effec-
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TaBLE III. Accumulated thermal dose at focal points (equivalent min at
43 °C TD,;) in temperature calculations of Figs. 3(a) and 3(b).

wp(glem’/s) kegf(W/cm/°C)
Exposure
time (s) w,=0 w,=0.04 key=0.024  k4=0.179
=6 3200 811 12.6 ~0
=12 2.6x10° 1.3x10° 380 ~0
=20 6.0x10% 3.8x10° 6246 ~0

tive conductivity [in Fig. 3(b)]. For perfusion values compa-
rable to liver perfusion and according to Eq. (6), the ETCE
does not predict the formation of lesions due to the low
temperatures (and thus thermal dose) reached. Table III illus-
trates the accumulated thermal dose at the focal point based
on the temperature profiles presented in Figs. 3(a) and 3(b).
Hence, further analysis of thermal dose distributions will be
based on the BHTE predictions since the ETCE does not
predict lesions formed for high effective conductivities.

Thermal dose isocontours are plotted in Fig. 4. The region
enclosed in the thermal dose isocontour of 60 min at 43 °C
(TD4;=60 min) is defined as the lesioned tissue. The lesion
formed closely follows the intensity pattern at the focus (in
Figs. 1 and 4). Furthermore, the cigar-shaped lesion formed
agrees well with experimental observations.! The thermal
dose gradients are steep and well-defined and, hence, lesion
dimensions are relatively insensitive to variabilities in lesion
thresholds of various tissues. Figure 5(a) illustrates that a
lesion threshold thermal dose of 60 min at 43 °C (7D ;=60
min) defines a 2.4 mm diam lesion while the isocontour for
300 min at 43 °C (TD ;=300 min) is 2.0 mm diam (in this
example for no perfusion and organ surface 3 cm from focal
depth). This represents a 16% change. A similar change in
lesion length is demonstrated in Fig. 5(b). It should be noted
that this range of thresholds is large and unlikely to be en-
countered in tissues. The factor of 2 in Egs. (7) and (8) for
the thermal dose, however, may vary depending on tissue
type,” and its effects on ultrasonic lesion size have been
described elsewhere.*

A comparison of the predicted lesion diameters with pub-
lished experimental data'® demonstrates reasonable agree-
ment (Fig. 6). The physical parameters used (Tables I and II)
were chosen to match the experimental conditions. No large
vessel effects were included in these simulations. For the
case of no perfusion the experimental data (solid squares)
and theoretical predictions (long-dashed line) agree fairly
well, apart for short insonication times. With perfusion, the
agreement is worse, however, the curve trends are similar.
There again are discrepancies for short exposure times.

An increase of perfusion according to the BHTE reduces
the lesion size. The reduction in size depends on the insoni-
cation time and blood flow. Longer duration insonications
allow the effects of both blood flow and thermal conduction
to alter the temperature profiles. Figure 7 plots lesion diam-
eter and length versus volumetric tissue perfusion for three
exposure times: 2, 8, and 12 s. Ultrasonic intensity was ad-
justed to create lesions of approximately the same size when
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FiG. 4. Thermal dose (TD,3) contour plot for a 12 s insonication with no
perfusion (10% contour lines, maximum TD,; of 60 min). Note the sharp
thermal dose gradients created. This indicates that the lesions formed will
have well defined boundaries.

there was no perfusion. While there is minimal reduction in
lesion diameter for the 2 s exposure for all perfusion values
(maximum of ~5%), for the 12 s exposure the reduction is
significant (~30%) for high perfusion values (comparable to
that of the human kidney). The results are similar for lesion
length.

The effects of large vessels on lesion formation were ex-
amined by including the adjective term [Eq. (4)] in the finite
difference algorithm for regions enclosed by the large vessel
(Fig. 2). Various vessel diameters (Table IV) were examined
for a 12 s exposure at 180 W/cm? peak intensity in situ and
results are shown in Fig. 8. Depending on the vessel size and
the dimensions of the ultrasonic beam, the lesion shape and
size can be significantly altered. For vessels greater than 0.5
mm diam and for the intensity profile of Fig. 1, the lesion is
separated in two halves that surround the blood vessel form-
ing a cylindrical shell of nonlesioned tissue. For vessels
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FiG. 5. Lesion diameter (a) and lesion length (b) plotted against lesion threshold for a 12 s (180 W/cm? peak intensity) insonication for no perfusion and high

perfusion.

larger than 1 mm diam, a lesion is not formed since the
majority of energy is deposited in the blood vessel which has
low ultrasonic absorption and carries the heat away. Transfer
of heat in the direction of the flow is detected for smaller
vessels (diameter greater than 0.2 mm) elongating the le-
sioned tissue in the direction of the blood flow. This is as-
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suming however that the blood flow is constant in the vessel
during the entire sonication period.

The effect of volumetric flow on the lesion size was ex-
amined by modifying the average velocity of the 0.6 mm
diam vessel to 2, 4, 6, 8 and 10 cm/s. Figure 9 illustrates that
higher flow through the vessel reduces the lesion size and



1293 Kolios, Sherar, and Hunt: Blood flow cooling and ultrasonic lesion formation 1293
6.0 L] T ) T T

4

’g 40 ~ - -, -1

E

B

B -

% Ia _- -

B e — -

8 :[ ’ -~ - -

° , P

Q , '

— 20} . P 7 I 4

7 s
Pad 7
K 7 7 a without perfusion (experimental)
/ © with perfusion
4 ~ == without perfusion (theoretical)
,/'/ — — with perfusion
/
4
0.0 A / 1 'l ! i ']
0.0 5.0 10.0 15.0 20.0 25.0 30.0

Exposure time (s)

FiG. 6. Comparison of experimental data derived from rat liver (Ref. 19) with predicted values from thermal model calculations using the parameters listed

in Tables I and II. Note the discrepancy at short exposure times.

distorts its shape. Lesion dimensions at the focal point as a
function of average velocity through the blood vessel are
tabulated in Table V (lesion length is difficult to define in
this situation due to the lesion shape). It is clear that volu-
metric flow is an important determinant of the effects of
large vessels. A closer examination of the radial thermal dose
profiles at the focal depth for the 0.6 mm diam vessel dem-
onstrates a thin layer of tissue (~0.18 mm) adjacent to the
vessel wall that receives a thermal dose lower than the lesion
threshold [Fig. 10(a)]. This would lead to tissue sparing dur-
ing lesioning. An exposure time of 3 s, (400 W/cm? peak
intensity) however, reduces tissue layer spared close to the
vessel to ~0.06 mm [Fig. 10(b)]. Therefore, high power
short duration pulses of the order of 1-3 s are required to
minimize the effects of large vessels.

IV. DISCUSSION

Ultrasonic lesioning can be used to produce well defined
lesions in depth in tissue as long as air cavities and bone are
not in the beam path. Delayed inpart by the lack of noninva-
sive means to monitor ultrasonic surgery, new exciting de-
velopments in imaging have renewed interest in this
modality.! If cavitation and acoustic propagation nonlineari-
ties are avoided, the lesion size and shape can be well de-
scribed by thermal considerations. For short exposures, the
thermal dose gradients are very sharp and hence lesion di-
mensions are relatively insensitive to variation in the thermal
sensitivity of various tissues (Fig. 5). Therefore, while a ther-
mal dose of 60 min at 43 °C (approximately 3 logs of cell
kill) might not be considered sufficient for lesioning tissues,
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lesion size does not change appreciably if higher dose thresh-
olds are used. Furthermore, lesion size is not strongly depen-
dent on the attenuation coefficient of tissues.’ Therefore, for
short exposure times, ultrasonic lesioning can be used for a
variety of tissues with similar perfusion and thermal param-
eters without large differences in outcome expected.

Blood flow, however, can effect the temperature distribu-
tions and thus the lesion shape and size. For high perfusions
lesions are not formed according to the predictions of the
scalar ETCE model. The sharp temperature gradients created
by the source and the high values of enhanced conductivity
rapidly smear out the temperature rise. The low temperatures
achieved restrict the thermal dose to nonlesioning levels. The
effective conductivity values based on Eq. (6) might not be a
good indicator of the effective conductivity in the rat liver
experiments. However, high values of effective conductivity
have been reported elsewhere®>** and, therefore, should be
considered realistic. Since the ETCE model predictions do
not agree with the lesions observed in the experimental data,
it was not used for further analysis. The ETCE model may be
useful in tissues with low perfusions or where the vascular
architecture satisfies appropriate conditions.*

A perfusion increase according to the BHTE reduces the
size of the lesions formed. For highly perfused tissues such
as kidney and liver—even for short exposures (~8 s)—
lesion size can be reduced by one third. Exposure times of 2
s are predicted to produce lesions whose size is independent
of perfusion. This agrees well with recent experimental le-
sion data in rabbit brain®® and with theoretical predictions of
rapid heating for hyperthermia.'”” Therefore, short expo-
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FiG. 7. Perfusion dependence of (a) lesion diameter and (b) lesion length for three exposure times. As the exposure time increases, the effects of perfusion are
greater. For very small exposure times (~2 s), lesion formation is almost perfusion independent.

sure times are required to minimize the effects of blood flow
(Fig. 7). However, higher acoustic intensities are required to
achieve this; therefore, phenomena such as cavitation, acous-
tic nonlinear propagation and other nonthermal mechanisms
may contribute to tissue necrosis. These effects are not well
understood and cannot be, at the present time, adequately
quantified.” Hynynen et al.>! recommended that peak inten-
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sities lower than 700 W/cm? at 1 MHz be used to avoid the
unpredictable energy absorption or direct cytotoxicity of
nonthermal effects. In the case of lower perfused tissues such
as muscle (~8 ml/100 g/min), up to 12 s exposures could be
used without reducing lesion diameter more than 10% (Fig.
7).

A comparison of the predicted lesion diameters with pub-
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TaBLE IV. Significant vessel diameters and average flow rates (Refs. 18 and
46). Vessel flow values linearly extrapolated for vessel diameters not found
in references.

Blood vessel

diameter (mm) Average velocity

1.4 10.5 cm/s
1 8 cm/s
0.8 7.5 cm/s
0.6 6.0 cm/s
04 5.5 cm/s
0.2 34 cm/fs

lished experimental data demonstrate reasonable agreement.
Differences can be attributed to uncertainties in the values of
the physical parameters used in the simulations, or even their
temperature dependence. Ultrasonic absorption may vary by
50%—100% in this temperature range.?* The greatest discrep-
ancy was detected for the short exposures. It was noted dur-
ing the experiments that indirect damage might occur in the
liver due to lack of blood supply after the insonication.?®!° If
the thermal dose threshold for vascular collapse is lower than
that for lesioning, then a lesion might form due to the vas-
cular collapse rather than direct heat cytotoxicity. Thermal
dose thresholds for this effect in the mouse leg are of com-
parable magnitude to direct heat cytotoxicity.”® A reduction
in clearance rate of a radioactive tracer by 37%, taken as an
indicator of microvascular integrity, had thresholds for TD;
of 83+7 and 173%30 min for tumor and muscle tissue, re-
spectively. This effect, however, is predicted to be negligible
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Fic. 8. Thermal dose contours for a 12 s (180 W/cm? peak intensity) insoni-
cation for an (a) 0.2 mm (b) 0.4 mm (c) 0.6 mm vessel. Flow velocities are
given in Table IV. The inner solid line defines the lesion boundaries.
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FiG. 9. Thermal dose contours for a 12 s (180 W/cm? peak intensity) insoni-
cation near a 0.6 mm vessel with (a) u,,,=2 cm/s (b) u,,,=4 cm/s (c)
Uy, =6 c/s.

at the boundaries of the lesion where the thermal gradients
are steep (Fig. 5). While the thermal conductivity of tissue
does not change appreciably in this temperature range,
thermal conductivity variations between tissue types should
be considered. The lesion diameter and length in sample runs
(12 s, 180 W/cm? insonication, no perfusion) for a tissue
conductivity of 0.002 W/cm/°C (simulating fat) versus 0.006
W/cm/°C (simulating muscle) were 3.6, 33 and 2.6, 24 mm,
respectively. Therefore, in tissues with low thermal conduc-
tivity, lesion size is expected to be larger than in other tissues
with higher values.

In the clinical practice of moderate temperature hyper-
thermia, high temperature tissue lesioning and cryotherapy, it
has been observed that tissues close to large vessels remain
viable. When a 0.6 mm diam vessel is introduced in the
center of the tissue, a layer of tissue close to the vessel re-
ceives a low thermal dose. Therefore, if destruction of all
cells is required (as with the case for a malignancy), shorter
exposures are required to minimize the viable rim around the

TABLE V. Outer and inner lesion boundaries around a 0.3 mm radius vessel
at the focal depth.

Average

velocity (cm/s) Outer boundary (mm) Inner boundary (mm)

0 1.3 N/A
2 1.15 N/A
4 1.00 0.33
6 0.86 0.48
8 No lesion No lesion
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vessel. Even for exposures of ~2 s, however, a viable rim is
predicted [Fig. 10(b)]. Similar conclusions were drawn in the
experimental heating of large blood vessels in vivo.** There
are instances when this effect is advantageous, protecting

Medical Physics, Vol. 23, No. 7, July 1996

critical vessels from endothelial injury. One such example is
in cardiac 1f catheter ablation for which large coronary ves-
sels are spared.41 In this article, the vessel axis is parallel to
the beam (Fig. 2). The results therefore maximize the cooling
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effects of the vessels since they occupy a large fraction of the
irradiated tissue. Three-dimensional thermal models are be-
ing developed in our laboratory to simulate more realistic
vascular geometries.

Ultrasonically induced lesions are small in general. To
treat large tissue volumes ultrasound lesioning techniques
using multiple insonications,**** focal pattern synthesis**
or a combination of both are required to treat the entire vol-
ume. Treatment planning is particularly important in this
case since intervening normal tissue might be damaged due
to the accumulation of thermal dose resulting from the mul-
tiple exposures.43 Furthermore, if the intensity field pattern
overlaps existing lesioned tissue, this could lead to a change
of the expected lesion size and shape.*® This is termed
lesion-to-lesion interaction and usually results in displacing
the lesion (with respect to its location in the absence of an-
other lesion) and reducing its size. Predicting a priori these
effects with accurate thermal models would help to minimize
normal tissue damage.

The thermal model used here is not limited to ultrasonic
lesioning; it can be applied to other therapeutic modalities
that depend on thermal cytotoxicity. Given a specific specific
absorption rate (the SAR or absorbed power per unit mass)
or conductive heating, the time-temperature curves can be
collected and analyzed. Thus the models can be applied to
applicator optimization, with lesion shape as the endpoint.
Single or multiple applicators can be examined given their
SAR which can either be measured experimentally or calcu-
lated theoretically. Finally, such models could assist in treat-
ment planning by calculating thermal doses so as to maxi-
mize the dose in the target regions and minimize the dose to
the surrounding healthy tissue.

V. CONCLUSIONS

Thermal models can be used to predict the shape and size
of ultrasonically induced lesions. Blood flow can effect the
shape and size of these lesions. Large vessels (>>0.5 mm)
create localized cool spots that spare tissue from thermal
damage. Tissue microvascular perfusion becomes a factor for
exposure times greater than 2 s for highly perfused tissues.
While the BHTE equation predictions agreed with published
experimental lesion data, the ETCE did not predict tissue
lesioning for high values of perfusion.
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NOMENCLATURE

c =specific heat capacity (J/g/°C)
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dr =grid spacing in the radial direction (cm)

dz =grid spacing in the axial direction (cm)

k =thermal conductivity (W/cm/°C)

kg =scalar effective conductivity of tissue (W/cm/°C)
r,z =radial and axial coordinates (cm)

u(r) =velocity of blood (cm/s)

w =volumetric perfusion rate (g/cm?/s)

P =volumetric power deposition rate (W/cm?®)

T =temperature (°C)

a =best fit parameter equating perfusion and effective
conductivity (g/cm®/s)”!

1) =blood vessel diameter (cm)

p =density (kg/cm?)

o =Rayleigh distance (m)=7D/4\

A =Gaussian coefficient at distance z'

B =Gaussian coefficient at distance 7' =0

BHTE =Pennes bioheat transfer equation

D, =diameter of the transducer (cm)

ETCE =effective thermal conductivity equation

1 =ultrasonic intensity (W/ecm?)

R =radius of curvature (cm)

SAR =specific absorption rate (W/cm3)

TD,;  =equivalent minutes at 43 °C (min)

Wy =total acoustic power generated by the transducer
(W)

7 =ultrasonic intensity attenuation coefficient (Np/
cm)

A =ultrasonic wavelength (cm)

7 =ultrasonic intensity absorption coefficient (Np/
cm)
subscripts
art=arterial

avg=average
sp=spatial peak
b=blood
t=tissue
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