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If it were possible to achieve, an ideal high temperature therapy or hyperthermia treatment
would involve a single heating session and yield a desired thermal dose distribution in the
tumour that would be attained in the shortest possible treatment time without heating critical
normal tissues excessively. Simultaneously achieving all of these goals is impossible in practice,
thus requiring trade-offs that allow clinicians to approach more closely some of these ideal
goals at the expense of others. To study the basic nature of a subset of these trade-offs, the
present simulation study looked at a simple, ideal case in which the tumour is heated by a
single, optimized (with respect to space) power pulse, with no power deposition in the normal
tissue. Results were obtained for two different clinical strategies (i.e. trade-off approaches),
including: (1) an ‘aggressive’ approach, wherein the desired, uniform thermal dose is comple-
tely delivered to the tumour during the power-on period. This approach gives the clinician the
satisfaction of knowing that the tumour was treated completely while power was being deliv-
ered, and yields the shortest attainable tumour dose delivery time. However, that benefit is
attained at the cost of both ‘overdosing’ the tumour during the subsequent cool down period
and, paradoxically, requiring a longer, overall treatment time. Here, the treatment time is
considered as that time interval from the initiation of the heating pulse to the time at which the
entire tumour has decayed to a specified ‘safe’ temperature — below 43�C for our calculations.
And, (2) a ‘conservative’ approach is considered, wherein the desired uniform dose is attained
at the post-heating time at which the complete tumour cools back down to ‘basal’ conditions,
taken as 4 h in this study. This conservative approach requires less applied power and energy
and avoids the ‘overdosing’ problem, but at the cost of having a tumour dose delivery time
that can be significantly longer than the heating pulse duration. This approach can require that
clinicians wait a significant time after the power has been turned off before being able to
confirm that the desired tumour thermal dose was reached. The present findings show that:
(1) for both clinical strategies, an optimal power deposition shape (with respect to position in
the tumour) can always be found that provides the desired uniform thermal dose in the
tumour, regardless of the heating pulse duration chosen or the tumour perfusion pattern;
and (2) shorter heating pulses are preferable to longer ones in that they require less total
energy, take less total time to treat the patients, and have optimal power deposition patterns
less influenced by perfusion. On the other hand, shorter pulses always require higher tempera-
tures, and for the ‘aggressive’ clinical approach, they give significantly larger excess thermal
doses in the tumour. The aggressive approach always requires longer treatment times than
comparable conservative treatments. The optimal power patterns for both strategies involve a
high-power density at the tumour boundary, which frequently creates a ‘thermal wave’ that
contributes significantly to the final thermal dose distribution attained.

Key words: Hyperthermia, high temperature therapy, thermal surgery, thermal dose, optimal
power deposition, treatment planning.
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1. Introduction

The clinical potential of high temperature therapy (HTT) has become increas-
ingly promising as additional studies show that it could significantly improve treat-
ments at many important tumour sites (e.g.1,2). Despite these encouraging results,
there are still major practical concerns involved when applying HTT, including;
(1) patient pain, (2) under-dosed targets, (3) long treatment times and (4) normal
tissue damage3–7. Thus, improved strategies are needed to control optimally the
thermal dose delivered in the normal tissues and the tumour.

A fundamental optimization question concerns the geometric shape of the power
deposition pattern needed to generate a desired (e.g. uniform) thermal dose in the
tumour. For conventional hyperthermia, Ocheltree and Frizzell8,9 solved a similar
problem by determining the optimal patterns needed for generating uniform tumour
temperatures. Their work, based primarily on a one-dimensional (1D) model with
power deposited only in the tumour (as done in the present study), was useful
in guiding other efforts to find optimal power depositions for more complicated
conventional hyperthermia problems. The present study extends their work (1) by
determining the power deposition patterns that produce a uniform thermal dose
(as opposed to a uniform temperature) in the targeted tumour; (2) by considering
a range of heating pulse durations, from short time, pulsed heating using the higher
powers typical of HTT applications to longer ‘pulses’ and lower powers — whose
limit is the conventional hyperthermia case studied by Ocheltree and Frizzell; and (3)
by considering different clinical strategies for reaching the proposed uniform thermal
dose in the tumour. Treating tumours to a uniform thermal dose allows one to
consider the variety of different time–temperature histories present in pulsed heating
with a single metric — as based on the fact that cell death depends on both
temperature and time in a form that can be condensed into a single factor, the
thermal dose10,11. The choice of using the thermal dose as the metric of treatment
delivery efficacy is becoming common in both conventional hyperthermia (e.g.12)
and HTT applications (e.g.6,7,12–17). Thermal dose can be used to predict either
cell death, microvascular stasis and/or tissue coagulation boundaries depending on
the activation energy used in the ‘Arrhenius’ equation18.

2. Materials and methods

The following describes the patient, power deposition and thermal models, the
numerical method used to solve the thermal model, the objective function that
defines the optimal goal and the optimization procedure used to determine the
optimal (spatial) distribution of powers. In these initial studies, we would restrict
ourselves to the simple, idealized case of a single heating session or ‘pulse’ to treat the
patient, with power deposited only in the tumour. By neglecting the energy deposited
outside the tumour, and by considering only a single heating session/pulse, both of
which have the effect of neglecting the time needed to allow for normal tissue cooling
that is required in a real treatment, this idealized power deposition model approach
provides a limiting ‘best case’ analysis19 that results in the shortest possible treatment
times. That is, adding normal tissue heating and multiple pulses, e.g. for large solid
tumours, and the additional waiting periods between pulses, will result in even longer
treatment times. It was found that even given these idealizations, clinical trade-offs
must be made in determining the ‘optimal’ power depositions to be applied. This
simple modelling approach can give insights into the limits of, and the basic nature
of, the trade-offs required in more practical situations.

58 K.-S. Cheng and R. B. Roemer



2.1. Patient, power and thermal models

The study used a simplified 1D Pennes Bio-Heat Transfer Equation (BHTE)

model20:

� � Cp �
@T

@t
¼ k �

@2T

@x2
�Wb � Cb � ðT � TbÞ þQ: ð1Þ

The idealized patient generally has the homogeneous properties as listed in table 1 —

with the exception of one case where the tumour perfusion varied with position.

The tissue model consisted of (1) normal tissue that extended from x¼ 0 to the left

margin of the tumour at x¼ 5.1 cm and (2) ‘the tumour’, which extended from that

location to the tumour centreline at x¼ 7.5 cm. (The tumour and normal tissue

geometry were symmetrical about that centreline.) The boundary conditions used

were a temperature of 37�C at x¼ 0, and zero heat flux at the tumour centreline.

Owing to the symmetrical geometry being modelled, we only need to calculate

temperatures in the left half domain when the right (centreline) boundary condition

was given as the no flux boundary condition. Inside the tumour, the power density

could vary with position, with eight independent power density magnitudes (preli-

minary tests21 found that eight independent magnitudes were sufficient to reach a

uniform thermal dose distribution in one side of the symmetric tumour model).

The widths of the eight uniform power density deposition regions were each

3mm, and the power within each of these eight regions remained constant for the

duration of each heating pulse. No power was deposited in the normal tissue. Both

homogeneous and heterogeneous perfusion distributions were studied (the seven

homogeneous perfusions are given in table 1; the heterogeneous distribution is

given in figure 9a).

2.2. Numerical model

The solution of equation (1) was obtained using the Crank–Nicholson finite

difference method22. All computations were carried using an initial condition of

37�C, a time step of 0.1 s and a spatial interval of 3mm. The thermal dose was evalu-

ated using a widely accepted empirical Sapareto–Dewey formula (equation 2;10,11).

To ensure that the whole domain cooled down to basal conditions for all cases,21

the duration for computing the total thermal dose accumulated was chosen as 4 h.

The numerical evaluation of the thermal dose used the midpoint rectangular

quadrature rule23 and Tref¼ 43�C:

TD ¼

Z tT

0

RT�Tref � dt, where
R ¼ 2, for T � Tref

R ¼ 4, for T < Tref

(
ð2Þ
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Table 1. Physiological parameters

Tissue
density
(�, kg/m3)

Tissue and
blood specific heat
(Cp and Cb, J/kg/

�C)

Tissue thermal
conductivity
(k, W/m/�C)

Pennes’ perfusion
parameter

(Wb, kg/m
3/s)

Arterial blood
temperature
(Tb,

�C)

1000 3770 0.55 0.0, 0.25, 0.50, 0.75,
1.0, 5.0, 10.0

37



2.3. Optimization approach

The objective function that was minimized (equation 3) was the averaged sum

over all finite difference nodes in the tumour of the squares of the normalized

differences between the calculated and ideal thermal doses. This was equivalent to

minimizing the tumour’s normalized thermal dose’s variance:

J ¼
1

nx
�

X
tumour region

TD xð Þcalculated

TDdesired

� 1

� �2

: ð3Þ

For these studies, the desired thermal dose was set at 245 cumulative equivalent

minutes at 43�C (245 CEM43�C), a value close to that used by several other

investigators (e.g.24,25). Our simulations were performed for two primary clinical

strategies, an ‘aggressive’ protocol in which the uniform thermal dose was achieved

immediately at the end of the heating period, and a ‘conservative’ protocol for which

the desired uniform thermal dose was reached at the end of the 4 h. We also studied a

few ‘intermediate’ protocol cases for which the uniform thermal dose was delivered

at a time between the end of the heating period and the end of the 4 h. The variable

metric algorithm, one of the Newton’s method family26, was used to determine the

optimal power deposition magnitudes for each heating duration case, i.e. to deter-

mine the eight power amplitudes that gave a uniform thermal dose in the tumour at

the end of the desired ‘tumour dose delivery time’. These optimal distributions were

determined for power-on (heating session or ‘pulse’) durations of 5, 10, 20, 40 s, 1, 2,

4, 5, 10, 20, 40min, 1, 2, 2.5 and 3 h to determine how the power-on duration

influenced the results.

Specific results evaluated included the distributions of optimal power deposition

magnitudes inside the tumour, the peak power magnitudes and total energy delivered

during the heating period and the length of the treatment time. Initially, one might

be tempted to take the ‘treatment time’ as either the power-on time (which would

make both the aggressive and conservative approaches have the same treatment

times), or the time at which the desired thermal dose was reached in the tumour,

i.e. the tumour dose delivery time (which would give the maximum time difference

between these two strategies). Clinically, however, for both strategies (but more

significantly for the aggressive strategy) (1) the tumour temperatures were signifi-

cantly elevated above 43�C at the end of the heating period, particularly for short

pulses, and thus (2) a significant thermal dose could be accrued by the patient

after the power was turned off. In some cases, this additional thermal dose could

put the patients at risk, e.g. for vascular damage and bleeding in the tumour, and/or

the heated normal tissues after the power was turned off 27,28. In cases where this was

of clinical concern, the patients would need to remain in the magnetic resonance

imaging (MRI) system for observation until all temperatures decayed to some

acceptable level. Damage to critical vascular structures can be very serious, and

since it has been shown that the thermal dose approach can give good predictions

of tissue damage3,27,28, waiting for all of the temperatures to decay below a certain

value (e.g. 43�C) would constitute a safe clinical procedure. To account for this,

treatment time was considered as the time interval starting from the initiation of

the heating pulse to the time at which the entire tumour had decayed to a specified

‘safe’ temperature, 43�C for our calculations.
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3. Results

First, to illustrate both (1) that the desired uniform thermal doses can indeed be

delivered by optimizing the eight power magnitudes, and (2) how the optimized

thermal dose patterns evolve in time, figure 1 shows the ‘conservative’ strategy

thermal dose (TD) distributions for a uniform perfusion of 0.5 kg/m3/s for three

different heating pulse durations. The results are shown both at the end of each

heating pulse, and at the end of 4 h when the tumour is uniformly dosed. To illustrate

the power deposition patterns needed to obtain these uniform thermal doses for

the ‘conservative’ approach, figure 2 shows the optimal distributions of the eight

power magnitudes for nine cases (three different pulse durations and three different

perfusion magnitudes). Figure 3 shows an important phenomenon observed

with short pulse durations, i.e. there is initially a peak temperature at the tumour

boundary, which moves inwards after power is turned off. This peak temperature

and the associated ‘post-heating thermal wave’ can provide a significant fraction of

the desired thermal dose. For example, for the 5-s power-on duration case, while

the TD on the tumour boundary is approximately 15 CEM43�C at 5 s (figure 1),

it rapidly accumulates to become about 219 CEM43�C at 55 s.

For the aggressive strategy, figure 4 shows the optimal power density distri-

butions for the same nine cases as used in figure 2 for the conservative approach.

To illustrate the cost of the trade-offs associated with the aggressive strategy,
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figure 5 shows the maximum (over all tumour locations) excess thermal dose in the
tumour as a function of the heating time, for several different (uniform) blood
perfusion magnitudes.

To illustrate the effect of perfusion magnitude, figure 6 compares the maximum
power and the total absorbed energy in the tumour (the summation of all eight
powers integrated over the heating time) for different heating pulse durations and
uniform perfusions for both clinical heating protocols.

To evaluate the differences in the temperatures required to obtain optimal
thermal doses for the two different clinical protocols, figure 7 shows the maximum
temperature in the tumour at the time when power is just being turned off and the
associated standard deviations of the temperatures in the tumour at that time for the
two protocols.

Figure 8 summarizes the variations of the ‘treatment time’ (the time required for
every point in the tumour to decay below 43�C) for both clinical protocols.

Figure 9 gives the heterogeneous perfusion settings used to evaluate the ability of
this approach to optimize the power deposition pattern for non-uniform perfusion
patterns. This perfusion pattern follows that determined by Toglia et al.29 for in vivo
human glioblastoma multiforme.

To study the effects of different ‘intermediate’ protocols, figure 10 presents
results for a 5-s heating period, for both the conservative and aggressive strategies,
and for three ‘intermediate’ strategies where the uniform thermal dose is reached at
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intermediate dose delivery times of 10 s, 2 and 10min. Presented are the temperature
distributions at the end of power on, the optimized power deposition patterns and
the thermal dose distributions at 4 h for a uniform 0.50 kg/m3/s perfusion.

Finally, figure 11 shows the effects of using different intermediate dose delivery
times for a perfusion of 0.5 kg/m3/s. Curves for six different heating times are given
to show how the maximal excess thermal dose and the peak temperature at the end
of power-on, change with the intermediate dose delivery time.

4. Discussion

As with Ocheltree and Frizzell’s results8,9, several important, basic observations
can be drawn from the results of this idealized 1D study and generalized to guide
future, more realistic research efforts, in particular regarding the optimal power
deposition patterns. Most basically, it is clear that if the tumour perfusion is
known, an optimal power deposition pattern can always be found (i.e. for any
desired heating time) that produces a uniform tumour thermal dose at a time
specified by the clinician, e.g. at the end of the power-on period for the aggressive
strategy (figure 5), at the time when the complete tumour has reached basal
conditions for the conservative strategy (figure 2), or at any desired intermediate
dose delivery time (figure 10). These optimal power deposition patterns are
influenced by the user’s choice of the power-on period and clinical strategy, and
by the magnitude/distribution of the blood perfusion. Similar to the conventional
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Figure 4. Aggressive strategy’s normalized power deposition patterns (again normalized to
the tumour centre) needed to generate a uniform thermal dose in the tumour, for the same
pulse durations and perfusions as for the ‘conservative’ approach in figure 2.
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hyperthermia results of Ocheltree and Frizzell for the uniform temperature case, all
of the current uniform tumour thermal dose (UTTD) studies show that a maximum
in power deposition must occur at the tumour boundary to compensate for the
conduction cooling to the surrounding tissues — as was also seen by Wan et al.30 for
a set of ‘intermediate’ optimal power deposition cases using Gaussian temperature
profile approximations. What is different for the UTTD is that the magnitudes of
the power densities are not always monotonically decreasing functions of position
from the tumour boundary to the tumour centre. That is, for some intermediate
heating durations, the power densities show a ‘dip’ adjacent to the tumour edge and
then gradually increase toward the tumour centre for both protocols (see the middle
columns of figures 2 and 4). This difference arises since in the UTTD cases the
peak power at the tumour boundary plays an additional role (beyond overcoming
boundary conduction) of creating a thermal wave that provides a significant part of
the thermal dose in the tumour interior. That is, it also serves as an ‘energy source’
for generating the UTTD. The ‘dip’ is needed to compensate for the effects of
the ‘thermal wave’ moving inwards. These inward moving waves will be equally
significant in determining the optimal power deposition patterns for, and the relative
timing of, multiple pulses needed to heat large, three-dimensional (3D) tumours with
more realistic power deposition patterns that include normal tissue heating. Those
optimal power patterns will consist of a series of optimally superimposed thermal
waves produced in different required locations/times.
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Indeed, the remaining characteristics of the optimal power deposition shapes can
be best explained in terms of the ‘thermal waves’ that are created by the boundary
power peaks. That is, for both strategies (figures 2 and 4), (1) the relative magnitudes
of these peaks get smaller as the perfusion level increases (for a fixed heating time).
This occurs since the higher the perfusion level is, the harder it is for the thermal
wave to penetrate into the interior of the tumour since the high temperatures in the
thermal wave are convected away more rapidly at higher perfusions. Thus, as perfu-
sion increases, not only does the total amount of power-required increase, but the
more central zones require higher fractions of that total in order to be optimally
treated. (2) As the heating pulse duration increases, not only does the maximum
power required decrease (since the required energy is now delivered over a longer
period), but this also reduces the boundary temperatures and thus the size of any
thermal wave present. However, the relative peak powers at the tumour boundary
for the aggressive strategy are always smaller than those for the conservative strat-
egy, since the aggressive strategy requires more power at every point in the tumour to
reach the specified UTTD at the time when power is turned off. The increased
temperature values associated with these increased powers take time to decay,
thus resulting in the excess thermal doses in the tumour. As expected, the excess
thermal doses get larger when the perfusion decreases since the temperatures decay
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more slowly, and smaller when the heating pulse duration increases since the peak
temperatures are lower. The resulting excess thermal doses can possibly cause vas-
cular damage and bleeding18, and they thus may require longer ‘treatment times’ to
observe the patient when large vessels traverse the tumour and/or critical normal
tissues are being heated.

The peak powers required to achieve these UTTDs (figure 6) vary little with
strategy choice, however. The fact that both strategies require close to the same
peak power for any given blood flow is due to (1) the strong non-linear tempera-
ture/dose relationship, for which a small change in peak temperature (needing only
small change in power) gives a large change in thermal dose, and (2) since a
significant amount of power is required to overcome boundary conduction effects
in all cases, thus the peak power (which always occurs at the tumour boundary) is
only partially determined by blood perfusion. Thus, while the aggressive strategy will
always have higher power and temperatures than the conservative approach
(compare figures 2 and 4) they do not need to be much higher, thus explaining figure
6a (and figure 7a, c). Similarly (figure 6b), the aggressive strategy requires
a somewhat larger total applied energy — which results in the excess thermal dose
— than does the conservative approach, with larger perfusions and heating times
requiring increased total energy depositions. In clinical applications, these increased
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tumour energy depositions would have associated increased energy deposition in

normal tissues, with the possible attendant normal tissue complications.

Next, figure 8 shows that the additional energy deposited by the aggressive

strategy could have a second undesirable effect, that is increasing the ‘treatment

time’, if one defines that as the time required for the patient’s tumour to decrease

to a prescribed, acceptable temperature — 43�C in our studies. Part of these

increased delays is due to the higher overall powers required by the aggressive

approach, and part by the movement of the thermal waves inward which cause

the temperatures in the tumour to decay more slowly. These factors result in a

(paradoxically) longer overall treatment time for the aggressive approach than is

needed for a comparative conservative case. In addition, these results show that

for these ideal treatments, the aggressive therapy treatment times are more sensitive

to blood flow variations than the conservative treatments — for a fixed heating pulse

duration. Thus, while many investigators have pointed out the potential advantages

of short time, HTT applications in terms of their being less dependent on perfusion

(when compared to conventional hyperthermia), this particular result (treatment

time as defined above) shows the opposite trend.

As shown in figure 9, the optimal power deposition pattern becomes more depen-

dent on the perfusion pattern as the power-on period increases, and eventually

reaches the same pattern as predicted by Ocheltree and Frizzell for very long heating

periods, as expected. Also by comparing the W¼ 0.5 kg/m3/s results in figure 2 for a

homogeneous perfusion and the heterogeneous results (but with an average tumour
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perfusion of W¼ 0.5 kg/m3/s) in figure 9 for comparable heating times, one can
clearly see that at short heating times, the homogenous and heterogeneous results
are very similar, but for longer heating times they diverge, which reflects the fact that
the perfusion is taking out more energy at longer heating time periods31.

Figures 10 and 11 show the consequences of choosing thermal dose delivery times
that fall between the aggressive and conservative strategies for a uniform perfusion
of 0.5 kg/m3/s. For example, one might want to choose an intermediate strategy so
that a maximum tumour temperature was not exceeded. From figure 11, when one
chooses a lower peak temperature, one is still free to choose a range of intermediate
treatment protocols, i.e. various combinations of the power-on period and the dose
delivery time. It is also clear that there is a lower temperature limit that must be
reached to obtain the desired thermal dose for a given power-on period.

5. Summary

In summary, optimal power density patterns can always be found for any perfu-
sion pattern, desired heating time and clinical strategy. For the aggressive approach,
shorter heating pulses result in high excess thermal doses in the tumour and require
longer treatment times — which in turn are more sensitive to perfusion magnitude
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than are the corresponding conservative treatments. The ‘thermal waves’ created by

the need for increased boundary heating in the optimal cases studied here contribute

significantly to (1) the achievement of the optimal dose distribution in the conserva-

tive approach and (2) the undesirable excess thermal doses in the tumour interior in

the aggressive approach.

The optimal power deposition shapes found from this idealized 1D study can

be used (1) to guide efforts to investigate the clinical trade-offs and (2) to find

more efficient computationally feasible, optimal power deposition patterns for

more complex 3D cases. For example, it can be clearly inferred from these studies

that the optimal heating patterns for 3D tumours heated with multiple pulses in

which normal tissue is also heated, will involve the application of multiple, intera-

cting ‘thermal waves’. In patients, one would expect that the optimal 3D power

deposition patterns would involve the highest power densities at the tumours’

‘corners’, the second highest at the tumours’ edges, and gradually decaying magni-

tudes toward the tumour centre — with appropriate modifications for variations in

blood flow. Pretreatment knowledge of blood perfusion distributions will be essential

for finding optimal power patterns in clinical applications, knowledge that can be

obtained through the use of MRI or computed topography (CT) technologies32,33.
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Finally, if those pretreatment values change significantly during treatments, some-
thing not generally seen in tumours for conventional hyperthermia34, then model-
based feedback control mechanisms can provide compensation (e.g.35).

The extensions of these results to determine the optimal power deposition
patterns in realistic cases have the potential significantly to improve the application
of HTT techniques by eliminating tumour under- and over-dosing, reducing treat-
ment times and the related expenses, and reducing normal tissue pain and damage.
The eventual clinical implementation of the basic concepts developed herein will, of
course, require considerable further development, including extensions that consider
not only more realistic 3D anatomies, blood flow patterns and power deposition
patterns, but also multiple pulses and normal tissue heating. We are currently
pursuing additional studies that include the above extensions of the current ideal
cases, including more extensive studies of the ‘thermal wave’ phenomena and of the
optimal sequence of high focal zone locations for treatments involving multiple high
intensity focused ultrasound pulses.
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