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Abstract—This paper addresses the issue of heat toxicity
using as an example heating with ultrasonic interstitial 
waveguide four-applicator array.  We show that the
experimental heating curves are closely followed by the ones
from our FEA modeling using realistically shaped model. The
thermal dose was calculated at locations considered to be at the
border of the safe dose and compared to 20 CEM43 considered
in literature as the safety threshold. We found some
discrepancy between the two on comparison.  In the paper, we
propose an approach that leads to compromise between them; 
at the same time it helps to define the threshold temperature 
for each case.
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 the ultimate goal of thermal therapy has been used for a

number of years [1].  In thermal therapy, the intended
outcome is to heat (or cool) the tissue to high (or low)
enough temperature for long enough time.  This should lead
to either immediate or delayed necrosis of the abnormal
tissue ideally with sparing all the surrounding normal
volume. Since variety of instrumentation has been proposed 
for that purpose, wide range of maximum temperatures and 
of heating time have been reported [2].

Relatively soon it has been concluded t
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putation heating curves and
ion specific.  In particular, the

applies to ultrasonic and microwave instrumentation with
cylindrical symmetry of power deposition [5, 7–8]. It
applies to heating with interstitial plate transducers [9] too if 
fast rotational scan is used.

II. MET

imum temperature a shorter time is required to produce 
same biological effect and that led to the concept of the
thermal dose [3].  The thermal dose has been used in
evaluation of the therapeutic range of heating
instrumentation [4 – 5].  Little attention has been given to
use of the same concept to establish the range of heat
toxicity of various devices.  In that regard, a threshold
temperature above which the tissue denaturation occurs was 
quoted. In [6] the authors decided to use one such threshold
temperature for phantoms and another for tissue in vivo.

In this presentation we intend to address validity of th

s

btained with an ultra
se description was presented before [10].  Its crucial part

is a cranial needle with its clad part serving as a waveguide
and exposed to the tissue part, as an antenna.  In the
experiment, the antenna of 1.22-mm diameter was 1.5 cm
long. The applicator was inserted into a slab of non-frozen 
muscle tissue of approximately 30 x 40 x 100 mm3 in
dimensions.  Power ultrasonic transducer of the applicator
was operated in cw mode at about 800 kHz from an 
HP3336C frequency synthesizer and 19 Vrms from an IFI-
M50 radiofrequency power amplifier.

The temperature was determined with a 230- m bead size
and 50- m wires Fenwal microthermi

tter approach.  We want to establish if the ‘safe thermal
dose’ can be uniquely represented by some threshold
temperature, the temperature above which properties of the
normal tissue change.  The concept of thermal dose applies
to very many heating instrumentations that produce
intermediate temperature elevation.  That is one limitation of
our discussion.  Secondly, we intend to use experimental
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to a 2-mm radial distance from the antenna midway along
the antenna’s length.  To read the temperature, the
microthermistor was in a resistance bridge.  Output of the
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Figure 3 Heating curves from FEA computations 

resistance bridge was connected to a 16-bit resolution
DATASCAN data acquisition system. With the

Full head model shown in Fig. 1 has been built as
descri y [5].  The model had several
type

.     (1)

t – time and R = 0.25 
C. Since there is no 

str

Fig. 2 shows a typi ting curve obtained with our 
waveguide applicator. curves are obtained
with

f Fig. 3 are critically evaluated in Figs. 4
and

ce it may be quite inconvenient to
do

microthermistor in its resistance bridge, the system was 
calibrated against the reading of an YSI44201 thermilinear
component in MATLAB environment.  The readings of
temperature in the tissue and outside room temperature were 
taken every half a minute.

B. FEA Computations 

bed in detail previousl
s of tissue labeled in Fig. 1.  In computations, their

respective physical properties [5] have been used.  It was 
assumed that the heating is produced with an array of four
ultrasonic interstitial applicators shown in Fig. 1 as dark
circular circles. Their antennas were 3.2 – 4.7 cm below the
scalp.  Transient analysis of the bioheat transfer equation in 
FEA approach was used to obtain heating curves for various
locations.  Temperature–time dependence from these curves
was the basis of thermal dose computations.  The dose is
expressed in terms cumulative equivalent minutes of
maintaining the tissue at 430C.  Its analytical form may be 
written as [3]:

CT
CEM

039,0

CTdtR T 04343 39,

In equation (1), T is the temperature,
below 430C and = 0.5 above 430

aightforward analytical expression for T(t), the integration
in dose calculations has been done numerically.

III. RESULTS

cal hea
Similar heating

 other interstitial instrumentation. The main difference
between the curves is initial rate of heating in reaching the 

final desired temperature.  This is also true if an array of
applicators is used. Fig. 3 shows heating curves obtained in
our FEA computations at various locations in the head
model.  These locations were chosen to correspond to the
non-toxicity range of the thermal treatment based on
previously assumed threshold toxicity temperature of about
42.50C, i.e., 5.5 K temperature elevation. The figure legend
gives coordinates of the location using the coordinate system
shown in Fig. 1. 

The results o

Figure 2 Heating curve in porcine muscle 

5 that show calculations of the actual dose. The two
figures were obtained for temperature at the scalp of 18 and
00C, respectively, i.e., when cooling at the head surface 
accompanies heating with the applicator array.  Following 
[11], we took 20 CEM43 as a limit for no substantial damage
in brain tissue.  The dose was calculated after 87 min of
heating and the temperature at that time was obtained from
the data that was used to produce Fig. 3 and may be used to
produce similar figure with 00C at the scalp.  They show that 
while in some cases the assumption of 42.50C as a safe limit
is an exaggeration on a too much caution (Fig. 4), in others
(Fig. 5) it is a very good measure of instrumentation safety.
The latter figure implies that if measured temperature is 
below 42.50C, we determined safe limit of the
instrumentation.  However, Fig. 4 suggests that bearing in
mind determination error (vertical bars), 430C should be
considered as that limit.

In experimental practi
the dose calculation. Conclusion about a threshold

temperature becomes of paramount importance in
verification of the safe limits.  With inconclusive results
from the two last computations we decided to look into the
issue in case of external temperature held at 470C, i.e., with 
external heating at the scalp during the thermal therapy
session.  Fig. 6 gives the thermal dose and temperature at the
nodes that were at the boundary of ‘heat toxicity’ as
described above.  The figure demonstrates that at specific
locations the thermal dose exceeds 20 CEM43 well below
42.50C. Yet, at many locations the temperature above 430C
does not result in exceeding the safe dose.  The curve in Fig. 

5026



0

5

10

15

20

25

30

35

40

45

50

5.05 5.25 5.35 5.36 5.7 5.77 5.82 5.94 6.51

Temperature elevation, K

Th
er

m
al

 d
os

e,
 C

EM
43

Figure 5 Thermal dose vs. temperature elevation 
with external temperature of 00C
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6 being polynomial fit of the data shows dose trend vs. 
temperature.  We think that the temperature where the curve
intersects 20 CEM43 may be taken as a safety threshold.

IV. DISCUSSION

Figs. 2 and 3 illus f FEA modeling
in

rves of Fig. 3 correspond to locations
w

es were
pr

alysis of two dark curves shown in Fig. 3 with
po

so interesting to note that the simulations show an
‘in

ped organ in
sim

n the figure obtained for 470C at the scalp show that 
th

trate the importance o
obtaining detailed temperature pattern practically not

available from measurements. The curves in Fig. 3 are 
similar in shape to those in Fig. 2 as required. They were
obtained for nodes with approximately same distance from
the centre of the four-applicator array.  Yet dynamics of 
temperature rise in time is very different depending on 
position of the node with respect to the outside of the model.
To obtain similar experimental curves, a substantial number
of temperature sensors would have to be inserted and then
one expects significant modification of physical properties
by such insertion.

The various cu
here heat toxicity may be of concern.  The range within

which maximum temperature elevation is observed is
relatively narrow, slightly less than 1 K and about 15% of 
the average temperature elevation.  Despite the variation in
the maximum temperature, the thermal dose was even in 
narrower range, very close to 20 CEM43.  Obviously on 
integration suggested by (1) not only the maximum
temperature, but also initial heating rate is crucial.

The depth of the nodes for which the curv
oduced varies from 3.2 to 4.7 cm (the z-coordinate of Fig.

1), i.e., it corresponds to the length over which US has been
deposited in the tissue.  The location of the nodes is
symmetrical with respect to the centre of the array. As it is
clearly seen, the symmetry in location does not find a
reflection in symmetry of temperature distribution.  For 
example, consider the nodes at 3.2 at 4.7 cm depth at 2.72 
cm to the right of the array center (along the y-axis shown in
Fig. 1) depicted in Fig. 3 as a dark curve with small
rectangles representing the read out points and another dark 
curve with solid circles for the points. While the first curve
reaches higher temperature, its initial rise is much slower.

As a result, the thermal dose at the two locations is very
similar.

An an

Figure 4 Thermal dose vs. temperature elevation 
with external temperature of 180C

ints represented by crosses and solid circles for the nodes
at the same depth of 3.2 cm explains why we expect similar
thermal doses despite a difference in detailed shape of the
curves. Since the Dewey-Sapareto formalism involves
exponential dependence of the dose on temperature, the fact
that the curves with crosses has initially slightly higher rate
of heating makes up for slightly lower temperature at the
plateau.

It is al
version’ in the temperature pattern inside the model. That

is demonstrated by the fact that both the curves for locations 
3.7 cm deep have higher temperature than those 4.2 and 3.2
cm deep.  This comes from the fact that modeled head has 
highly asymmetrical shape. It also points out that the
caution must be exercised when using simplified models of
the head [12] in calculations of other effects in the brain.  In 
our case, the inversion referred to above is a direct
consequence of external temperature fixed at 180C.  It is a
clear demonstration that the heating effects are enormously
influenced by external conditions, but again these effects are 
noticeable if a realistic shape model is used. 

The need for using realistically sha
ulation is further amplified in Figs. 4 and 5. On

comparison of results presented there one sees clearly that
the thermal dose at a given location is strongly influenced by
the external temperature.  This influence may seem
surprising at first glance, as, on average, with 00C at the 
scalp the 20 CEM43 occurs at lower temperatures compared
with those when the temperature at the scalp of 180C.
Closer analysis indicates that in the case of low external 
temperature there must be a multidirectional heat flux to
maintain basal temperature inside the head and in some
places the flux is superimposed on a local heating by the 
array.Fig. 6 further corroborates the above interpretation.  The 
results i

ere is no simple relationship between the temperature
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V. CONCLUSIONS

Our FEA 3-D modeling with realistically shaped organ
show details of te which are hardly
ac

opose
statistical reference to the safety limit when comparing the
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ermal dose and temperature.  Our results show that the
currently used methodology for dose calculations must be
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