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1 | INTRODUCTION

| Hana Dobsi¢ek Trefna

Abstract

Purpose: Thermal dose delivery in microwave hyperthermia for cancer treat-
ment is expected to benefit from the introduction of ultra-wideband (UWB)-
phased array applicators. A full exploitation of the combination of different fre-
quencies to improve the deposition pattern is, however, a nontrivial problem. It
is unclear whether the cost functions used for hyperthermia treatment planning
(HTP) optimization in the single-frequency setting can be meaningfully extended
to the UWB case.

Method: We discuss the ability of the eigenvalue (EV) and a novel implemen-
tation of iterative-EV (i-EV) beam-forming methods to fully exploit the available
frequency spectrum when a discrete set of simultaneous operating frequen-
cies is available for treatment. We show that the quadratic power deposition
ratio solved by the methods can be maximized by only one frequency in the
set, therefore rendering EV inadequate for UWB treatment planning. We further
investigate whether this represents a limitation in two realistic test cases, com-
paring the thermal distributions resulting from EV and i-EV to those obtained by
optimizing for other nonlinear cost functions that allow for multi-frequency.
Results: The classical EV-based single-frequency HTP yields systematically
lower target SAR deposition and temperature values than nonlinear HTP. In a
larynx target, the proposed single-frequency i-EV scheme is able to compensate
for this and reach temperatures comparable to those given by global nonlinear
optimization. In a meninges target, the multi-frequency setting outperforms the
single-frequency one, achieving better target coverage and 0.5°C higher Tgg in
the tumor than single-frequency-based HTP

Conclusions: Classical EV performs poorly in terms of resulting target tem-
peratures. The proposed single-frequency i-EV scheme can be a viable option
depending on the patient and tumor to be treated, as long as the proper operat-
ing frequency can be selected across a UWB range. Multi-frequency HTP can
bring a considerable benefit in regions typically difficult to treat such as the brain.

KEYWORDS
eigenvalue beam-forming, microwave hyperthermia, multi-frequency, treatment planning

the therapeutic effects of radio- and chemotherapy>*
The challenge in deep MW-HT is to reach an adequate

In deep microwave hyperthermia (MW-HT) for cancer
treatment, radio-frequency (RF) energy is deposited
into a tumor by a phased array of antennas surrounding
the patient."? The aim is to heat the tumor up to temper-
atures of 40—44°C, which have been proven to enhance

thermal dose coverage of the target volume while
sparing the surrounding healthy tissues from excessive
temperatures. To this end, each array channel is inde-
pendently steered in amplitude and phase at the chosen
operating frequency to shape the interference pattern
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inside the patient and generate a focus in the target
volume.

The list of regional deep MW-HT applicators currently
used in the clinics includes systems working at 70 ~
100 MHz for the pelvic and abdominal region®® and
434 MHz for the head and neck.” All these systems are
designed to operate at a single frequency. The choice
of this frequency is a trade-off between expected pene-
tration depth and focal size® ' The balance between
these requirements might, however, change depend-
ing on the particular patient and target to be treated.
If the target volume is small compared to the wave-
length, a larger region is heated, which increases the
risk for treatment-limiting hot-spots to arise in the adja-
cent healthy tissues. On the other hand, larger tumors
might not be sufficiently covered by heat deposition
when the focal spot is small, leaving out untreated areas.
Thus, a one-fits-all operating frequency approach, while
allowing for a simpler RF system design, might lead to
the impossibility of achieving adequate thermal dose
in some patients, resulting in their exclusion from the
treatment.!’=13

For the above reasons, an ultra-wideband (UWB) sys-
tem providing the possibility to select among differ-
ent operating frequencies for the treatment is desir-
able. The benefit is expected to be even higher if the
treatment can happen at two or more concomitant and
independently-steerable frequencies, as the superpo-
sition of their interference patterns might improve tar-
get coverage and hot-spot suppression.'* 6 Provided
that such a system is available, the hyperthermia treat-
ment planning (HTP) stage, where the array’s steer-
ing settings are determined, has to be adapted for the
UWB setting. A limited number of UWB HTP meth-
ods have been suggested in the literature: time reversal
(TR) focusing,'”'® stochastic global optimization,'%"®
quadratic programming,'®2% and a form of eigenvalue
(EV) beam-forming using finite impulse response (FIR)
filters (UWB pulses).?! The latter, FIR-based approach,
would, however, require the manufacturing of an RF
amplifying system with an independently programmable
FIR line for each channel. This solution is difficult and
costly to realize, especially with the level of accuracy
required for MW-HT treatments.?? A good compromise
between robustness and complexity is given by a multi-
frequency system, where two or more discrete oper-
ating frequencies are selected across the available
UWB range for simultaneous or finely time-interleaved
treatment.2®> TR beam-forming is a promising approach
in this respect; however, current forms?* lack the abil-
ity to properly control hot-spot formation. Recent and
ongoing work is aiming at improving TR-based UWB
HTP by means of iterative hot-spot suppression and
cold-spot coverage.'® Stochastic optimization, usually
implemented via particle swarm (PS), is computation-
ally demanding already in the single-frequency setting.
Current applications of PS-based HTP require, in fact,
a considerable coarsening of the patient model resolu-

tion to keep the execution times within reasonable lim-
its for clinical use,?° and research is ongoing to improve
on this aspect?® Although PS can be easily extended
to the multi-frequency problem, it is unlikely a viable
option in practice due to the higher number of iterations
and the longer time required for convergence when the
additional amplitude and phase degrees of freedom are
introduced for each new frequency?’

An attractive alternative for HTP optimization is the
well-established EV beam-forming algorithm?® The
problem has been thoroughly investigated in HT admin-
istered by phased arrays operating in the single-
frequency setting. In particular, efforts have been spent
in using EV to obtain clinically relevant solutions by
defining constraints for organs at risk,2° or by identify-
ing regions of healthy tissue subjected to high temper-
atures and reoptimize the power delivered to the target
with respect to those locations3%3! In EV-based HTP,
the problem is defined as follows: find the set of steer-
ing parameters that maximizes the ratio of the aver-
age specific absorption rate (SAR) in the target to the
average SAR in the healthy tissues. The problem can
be solved directly because the ratio is quadratic in the
unknown terms, that is, the steering parameters. This
makes EV-based HTP fast and deterministic. Unfortu-
nately, quadratic cost functions have been shown to
poorly correlate with the temperature rise in the target,
because they do not address the presence and severity
of localized SAR peaks outside the target that can result
in treatment limiting hot-spots.3?2 Consequently, more
suitable cost functions have been proposed to better
fulfil the quality requirements of HT treatments. These
cost functions are, in general, nonlinear and cannot be
solved for directly via EV. Nevertheless, workarounds
have been suggested in the literature to improve the
EV solution with respect to such nonlinear cost func-
tions by means of iterative procedures.3® These proce-
dures return good approximations of the optimal SAR
deposition pattern in the single-frequency setting. Still,
it is unclear whether the EV method can be meaning-
fully extended to the case of a discrete set of oper-
ating frequencies. Recently proposed multi-frequency
constrained quadratic-programming HTP optimization
methods,'>2% while promising, do not aim at solving
for the more clinically relevant nonlinear cost functions
needed in HT either.

In this paper, we derive the EV problem for the multi-
frequency case and show that the steering solution
maximizing the SAR ratio cannot include more than
one active frequency at a time. In the initial assumption
that a single-frequency treatment might be sufficient,
we propose a novel EV-based iterative scheme for HTP
optimization that minimizes a clinically used nonlinear
cost function, the hot-spot to target quotient** (HTQ).
To assess the potential benefit of UWB treatments, it
is necessary to understand whether the cost function
(and resulting treatment plan) can be further improved
by introducing additional operating frequencies. We
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investigate this by developing dual-frequency treatment
plans via a global stochastic optimizer (not subjected
to the single-frequency limitation) and by comparing
the temperature distributions resulting from single-
and dual-frequency HTP optimizations in two realistic
targets: one in the neck region and one in the brain.

We compare four different HTP optimization strate-
gies,described later in Section 3. The selection of strate-
gies is guided by the overlapping aims of the present
study: (1) to assess the suitability of the average SAR
ratio as objective for HTP optimization; (2) to verify the
ability of the proposed fast EV-based iterative solver to
reach the same HTQ optimum located by a slower global
stochastic optimizer;and (3) to determine whether multi-
frequency treatments can reach higher target tempera-
tures than single-frequency ones.

2 | THEORY

In the following analysis, a lower-case a denotes a
real scalar value, an upper-case A denotes a real vec-
tor value, a tilde &, A denotes a complex value, and a
bold symbol a, A denotes an array or matrix. A" is the

element-wise complex conjugate of A, whereas Alisthe
transpose of A. Field distributions and material proper-
ties are assumed to be space-dependent. In the first part
of this theoretical analysis, the E-field is assumed to be
linearly polarized everywhere, with local unitary direction
vector denoted by £. Toward the end of the analysis, the
conclusions are extended to arbitrarily polarized fields
by superposition.

2.1 | Eigenvalue decomposition in
multi-frequency problems

Once the complex vector E-field distributions Ec,f due to
each channel/antenna ¢ have been obtained inside the
patient for each frequency f by means of simulations, the
total field at frequency f is obtained by superposition:

Ne
Er = Zﬁc,fEc,f = P1rEqf+ P2 fExs+ oo + P, tEn, f>
(o
(1)

where p, f is the steering parameter for channel ¢ at fre-
quency f, and n, is the number of channels. The time-
averaged power loss density P of this sinusoidal field is
given by3°:
= 1 = 112 1 e Bt 1 ot ok
Pr = 50fllEll” = 501(E;. E) = S07(Ry Er. ErPy),
(2)

where oy is the frequency-dependent material conduc-
tivity and (-, -) denotes the scalar product. The quadratic

vector—matrix multiplication form in the rightmost term
of (2) has been obtained by expanding each E; with the
sum in (1) and by defining the following vectors:

Pr=[P1fDPof - Pnyrl's

_ . } 3)
Ef=[EifEyr .. Eof].

The total SAR deposition within a volume V due to
frequency f is obtained by dividing the time-averaged
power P by the material density p and integrating:

SAR,‘/:/ﬁdv=lpf¢*</ o (E} Ep) dv)bf. (4)
v P 2 v P

The inner term within parentheses can be identified
as the SAR correlation matrix for the volume V:

a/= [ LELEpa e coon (9
"4

The single-frequency SAR focusing problem consists
in determining the set of optimal steering parameters p;
that maximizes the ratio of the SAR in the target volume
T to the SAR in the remaining tissues R:

N SART st~ T o
p; = argmax, Iy = fR = Pr 9t Pr . (6)
SAR¢

The ratio I' has assumed different names in the lit-
erature, depending on which material properties are
included as weighing factors in (5). Examples are the
average power absorption (aPA)° and the SAR amplifi-
cation factor (SAF)Z6.

The problem (6) is a generalized eigen form®” where
the solution i)f is given by the eigenvector u relative to
the largest eigenvalue A of:

au = Abu (7)

with a= qu and b= qf. To extend the analysis to a
finite set of ny discrete frequencies, we start again from
the complex E-field distribution at each frequency as
given by (1). However, as the resulting field is no longer
purely sinusoidal, we need to derive the time-averaged
power P from the real and instantaneous E, which can
be described by the superposition of the fields at each
frequency:

ng ng
E= ; Er = ; Ef||Efl|cos(2nft + 2(Ef, Ef)).  (8)

Let us consider two separate frequencies f; and f;.
Their resulting instantaneous power deposition in the
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tissue is given by:
P =(J,E) = (giE; + gjE}, Ej + Ep), (9)

where J is the electric current density. The time-
averaged power loss density is obtained by integrating
P over a period {; that is common to both frequencies.
Such common period might not exist if the ratio f;/f; is
irrational. In practical cases, however, the operating fre-
quencies can be assumed to be multiples of a base
resolution (e.g., 10 MHz) and the common period can
be found as the inverse of the greatest common divi-
sor among the set:t, = 1/GCD(fy, f, ..., f,,). If the base
resolution is fy, then the common period will be at most
fo < 1/fy. For f = 10 MHz, we have f; < 100 ns. This
value has to be compared to the characteristic thermal
response times of biological tissues. In particular, the
periodic variations in power deposition due to the cross-
frequency terms in (9) must be quicker than the con-
ductive and perfusion cooling processes for the tissue
to experience negligible fluctuations in temperature dur-
ing treatment. This is indeed the case, as the typical time
constants for thermal washout in HT lie in the order of
minutes.2® Thus, it is safe to assume that the resulting
power distribution can always be time-averaged for HTP
evaluation purposes. The time-averaged power deposi-
tion can be obtained as:

+t0/2 +t0/2

(giE;j + O'jEj, E + Ej) dt.

—tp/2

(10)

The scalar product in (10) can be expanded using

(8). The cross-frequency terms cos(2xf;) - cos(2rf;)

resulting from this multiplication have zero mean over

the common period f;. The only terms thus left are
cos?(2xf;) and cos?(2xf), yielding:

p=l Pdt=—

to J_t,)2 fo

_ 1 o 1 N
P= 50i||5i||2+§0j||5j||2, (11)

which is the sum of the independent contributions from
each frequency, in the same form as (2). This result is
valid for an arbitrary number n; of separate discrete
operating frequencies, and generalizes as follows:

i

nf
- 1 ~ 1 St gt ol
P= §f SorllEAI? = §f 5cr,«<p§ E: E:py).  (12)

To preserve the compact quadratic vector—matrix mul-
tiplication form, the steering parameter vectors and
the power correlation matrices can be concatenated
into:

p=|p! B, B (13)

q¥ 0 .- 0
~V
g" =9 % 0| < comxmn (12
00 qf‘;f

where q‘/ is block diagonal. The overall SAR deposition
within a volume V resulting from the sum in (12) can then
be expressed as:

SAR" = p"*§"p, (15)

and the SAR focusing problem (6) is generalized to
many frequencies as:

T stk =T o
p= argmaxp{r = SARR = pt*qu}. (16)
SAR™ PGP

An important consequence of E]V being block diag-
onal is that the eigenvectors and eigenvalues of (16)
are all and only those of the individual g; blocks This
means that only an eigenvector of the following form can
maximize T

p=10.. pL.. 0T (17)

where only one operating frequency f is active, and that
there is no combination of two or more frequencies that
can further improve this ratio. In other words, the optimal
target-to-remaining average SAR ratio can be achieved
only with one frequency, even if a discrete set of sepa-
rate operating frequencies is available. Thus, maximiz-
ing T as objective function in HTP optimizations via (16)
will always result in treatment plans consisting of only
one operating frequency, regardless of how many dis-
crete frequencies have been included in the optimiza-
tion problem.

This result might at first seem in contradiction with
Zastrow et al?! where the weights of a FIR filter are
jointly optimized to maximize the SAR ratio. However,
that study adopts a continuous wideband approach,
leading to different conclusions than those drawn in the
present case. In particular, FIR filters are described by
continuous and smooth frequency spectra,*? such that
p(f) ~ p(f + df) for any frequency f and small increment
df. This implies strong correlation between nearby fre-
quencies, so that the time-averaged power P is no longer
given by (12).

In the last part of this theoretical analysis, we extend
the conclusions to arbitrarily polarized fields. When the
applicator feeds are designed for single polarization, as
is generally the case in MW-HT, a second polarization
might still appear locally in the treated domain due to
the complex geometrical scattering affecting the wave
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propagation in the patient. If the main polarization
component of the E-field at frequency f is denoted
with E‘fl and the orthogonal polarization component

with £+, such that E; = E + E* and (E), E}) = 0, the
time-averaged power deposition (2) becomes:

- 1 = 1 . -
Py = sorllEAIZ = o5 (IIENIZ+IEFIZ)  (18)

in view of the orthogonality between the two compo-
nents. As the second polarization stems from the same
feed excitation, it is subject to the same amplitude and
phase steering of the main polarization. Therefore, the
power deposition can be expressed as a function of the
steering parameters as:

ELyve (gl F L B [ R
ol(EF + EF)' (B} +ED)) = 50r(hy (Er + Er ), (Ef + E;)'Py)

P =

N =

1 et gt
= 501P; Er Erpy), (19)

which is the same form as (2).

2.2 | lIterating EV to solve for a nonlinear
HTP cost-function

As SAR represents an average of all the SAR val-
ues in volume V, no considerations are made over the
actual distribution of SAR within the volume. In other
words, using the plain integral in (5) might result in unac-
ceptably high SAR peaks in the healthy tissues (hot-
spots) or insufficient coverage of certain tumor areas.
To improve on this aspect, a weighing distribution w(v)
can be introduced."33 The SAR matrix calculation (5)
becomes:

- Of o =t
a) = [ Wi B o (20)
v P

In general, the weight distribution cannot be deter-
mined beforehand, but the EV procedure can be iterated
by updating w according to the resulting SAR distribu-
tion. Starting with an initial weight distribution wg(v) =
1, V v,we propose the following update scheme to deter-
mine the next set of weights w,,, 4 from iteration n:

veR1
vé&R1,

Wi (V) = {mg *

where R1 is the subset of remaining healthy tissues con-
taining the highest 1-percentile of SAR. Note that the R1
set is not necessarily connected, and it can include sev-
eral hot-spots across the volume of healthy tissues. An
iteration can be considered successful if it improved the
SAR deposition within the target and reduced the peak
hot-spot(s) in healthy tissues, represented by R1. To

(21)

this end, the hot-spot to target quotient>* (HTQ) can be
used:

SARg;
SAR;

HTQ = (22)

where SAR7 is the average SAR in the target, and
SARg, is the average SAR in the most prominent hot-
spot(s). This HTP quality indicator can be used as a non-
linear cost function for the iterative process, which con-
sists in applying (21) until the HTQ no longer improves.
At each iteration, the SAR peaks in the healthy tissues
are given more importance in the computation of the T’
ratio, which results in the driving vector p progressively
steering the power deposition away from those loca-
tions. Because of the target SAR term in the denom-
inator of (22) and the limited aperture of the applica-
tor array, the overall power deposition is not reduced but
rather redirected toward other healthy regions with less
exposure. Eventually, this power redistribution process
reaches a plateau where further modifications cannot
reduce the main SAR peak without also increasing the
secondary lobe above it, at which point the HTQ dete-
riorates and the procedure is halted. The overall single-
frequency iterative EV (i-EV) procedure is explained in
detail with a flowchart in Figure 1 and compared to other
single- and multi-frequency optimization strategies for
HTP throughout the rest of this article.

3 | MATERIALS AND METHODS

To benchmark the proposed iterative scheme, high-
light the limits of single-frequency HTP, and investigate
the overall suitability of the SAR ratio as cost func-
tion for HTP, we consider two examples of realistic tar-
gets treated with single- and multi-frequency MW-HT.
The first target is anatomically identified in the larynx,
whereas the second is a meningioma (Figure 2). The
applicator arrays consist of 10 wideband self-grounded
bow-tie antennas*' each (Figure 3), working across the
400-800 MHz frequency band. The applicators include a
surface and an antenna water bolus that fulfil three pur-
poses: cool the patient’s skin, realize a dielectric match-
ing between antenna and patient, and reduce cross-
coupling between nearby antennas. The set of operat-
ing frequencies available for treatment is obtained by
stepping 100 MHz within the antenna operational fre-
quency band for the single-frequency case and consid-
ering all possible two-frequency combinations for the
multi-frequency case, yielding a total of 15 operating fre-
quency settings.

The upper body part used in electromagnetic and
thermal simulations is a subset of the Duke human voxel
model from the IT’IS Foundation;*? and all healthy tis-
sue properties are obtained from the IT’IS Database*?
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n=0
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SAR | gy
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HTO,
Wy =W
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HTQ,=HTQ,,.,
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by
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returnp, <& < HIQ,  <HTQO,6 -4

FIGURE 1

\J
SAR=D, (B} Ey) Py

A\
RI= perc(SARY)

mk!
SAR"

HTQ,.,\=

Flowchart of the proposed eigenvalue (EV)-based iterative scheme for single-frequency HTP (i-EV), whose aim is to minimize

the HTQ. The procedure is initiated at the EV solution that maximizes the T ratio with uniform weighing. The R1 subset is determined by the
perc () function as the 1% of remaining healthy tissues with the highest SAR values. The solve () function determines the optimal set of

steering parameters using EV to solve (6)

(a) (b)

FIGURE 2

(c) (d)

Patient models: (a) transverse and (b) sagittal sections of the neck setup, (c) transverse, and (d) sagittal sections of the brain

setup. The targets are outlined in white. The target center is indicated by a white cross. The blue shades represent the water bolus

The E-field and temperature distributions, generated by
a circular array for the neck and a semispherical array

FIGURE 3 Applicator models: (a) neck applicator for the larynx
target and (b) brain applicator for the meningioma target. The blue
shades represent the water bolus

for the brain, are obtained via the commercial solver
CST Microwave Studio®** For HTP optimization and
quality assessment purposes, the SAR distributions are
smoothed by a 1 g mass averaging scheme. Surface
voxels are treated by expanding the convolution kernel
until the mass of tissue within reaches 1 g.

For the electromagnetic simulations, we utilize the
standard finite-difference time-domain (FDTD) tech-
nique implemented in the solver. The domain is meshed
into a hexahedral grid with resolution varying from
0.4 mm at the antennas (metal sheet thickness) to
10 mm in the air surrounding the patient, for a total of
125 million cells for the larynx model and 219 million
cells for the meningioma model. The antenna feeds are
excited by discrete ports. Biological tissues and water
are modeled as dispersive materials. Absorbing bound-
ary conditions are enforced at all domain boundaries.
For the thermal simulations, we choose the available
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TABLE 1

Properties of the tumor materials used to fill the target volumes. Relative permittivity (¢,), electric conductivity (o), density (p),

thermal conductivity (k), heat capacity (c), perfusion coefficient (wp), and metabolic heat (Q,,;)

s kg w kJ KW KW
Tumor er [~] o[=] P51 k=1 c [K—kg] wp [[1 Qm [—]
Larynx 47.8 0.674 1088 0.423 3.285 22.033 5.456
Meninges 57.3 1.372 1063 0.535 3.754 17.048 5.478

steady-state solver. The mesh is hexahedral with fixed
1 mm resolution. The water bolus temperature is set to
30°C for the larynx patient and 20°C for the meningioma
patient. Only conductive heat transport is modeled at the
skin—air interface. Open boundaries are adopted for the
thermal simulations as well.

The tumor targets (Figure 2) are manually delineated
inside the model and filled with a material exhibiting
dielectric and thermal properties equal to the weighted
average of the materials originally composing the vol-
ume. Some thermal properties are further adjusted to
reflect the response of tissues to thermal stress: mus-
cle perfusion is increased by a factor 4 due to the sys-
temic response to heat,*> tumor perfusion is decreased
by a factor 0.7 to account for its chaotic vasculature;*®
and the thermal conductivity of the cerebrospinal fluid
is increased by a factor 10 to emulate the convective
transport of heat*’ The resulting tumor properties are
reported in Table 1.

We compare the SAR distributions obtained via differ-
ent HTP methods using two clinically established qual-
ity indicators: the HTQ, as defined above in (22), and
the 50% iso-SAR target coverage (TCsy) defined as
follows*8:49;

||
TCsgg 7]

, T' | SAR[T'] > %SAR[RU T], (23)
where SAR[V] is any SAR value in volume V,and T’ is
a subset of the target volume. In words, this value rep-
resents the fraction of target volume whose SAR values
are above 50% of the highest SAR peak in the patient.
We further assess the thermal distributions obtained
when either T, HTQ, or TCgy are used as cost func-
tions for the SAR-based HTP In thermal simulations, the
power deposition is scaled until the temperature peak in
healthy tissues reaches 43°C.°%-°? The quality of each
distribution is then evaluated in terms of target median
temperature, T5g, and temperature reached by 90% of
the target volume, Tyq. The four investigated HTP meth-
ods are labeled as follows:

EV[IT] solving for the T ratio via EV
i-EV[HTQ] minimizing the HTQ via iterative EV
PS[HTQ] minimizing the HTQ via PS
PS[TC_50] maximizing the TCsq via PS

where PS stands for particle swarm, a global stochastic
optimizer capable of solving single- and multi-frequency

problems for nonlinear cost functions>® All HTP algo-
rithms are implemented in MATLAB®>* and run on a
high-performance GPU (nVidia® Quadro™ RTX6000).

4 | RESULTS
Figure 4 reports the optimal values of the SAR absorp-
tion ratio T for each individual frequency for both tar-
gets. These values are obtained by directly solving (6)
using EV decomposition. The power ratio exhibits a
clear frequency-dependent behavior, with one frequency
yielding the highest I value. The values achieved by
other frequencies decrease nearly monotonically with
the distance from this optimal frequency. In terms of raw
power ratio, the ideal frequency for the larynx target is
800 MHz, whereas for the meningioma, it is 400 MHz.
To show the convergent properties and highlight the
computational performances of the proposed i-EV opti-
mization method, we report in Figure 5 the cost function
value as a function of the cost function evaluations per-
formed by the algorithm in an exemplary HTP case and
compare it with the evaluations needed by PS to con-
verge to the same optimum. The global stochastic opti-
mizer needs 5000 cost function evaluations to reach an
HTQ value of 0.82, whereas the iterative-weighed EV
decomposition i-EV only needs around 50 evaluations
to reach a comparable HTQ value of 0.85. In terms of
GPU computational times, PS takes 126 s, whereas i-EV
takes only 6 s. Similar optimal values and orders of mag-
nitude in speed improvement are observed for all the
single-frequency HTP problems considered in this study.
The assessment of each HTP in terms of HTQ is
reported in Figure 6 and Table 2. The benefit intro-
duced by shifting from a single- to a multi-frequency set-
ting is indicated by the gray bars in the plots. Naturally,
the methods that aim at minimizing the HTQ, such as
i-EV[HTQ] and PS[HTQ], yield the lowest (i.e., best) val-
ues for this indicator. Noticeably, i-EV is capable of min-
imizing the HTQ to levels comparable to the global opti-
mum provided by PS in all single-frequency cases. At
600 MHz, in the larynx case, the HTQ provided by i-EV is
even lower than PS’s, indicating that PS might not have
converged to the global optimum. The SAR distributions
resulting from direct EV, which solves for the maximum
T, exhibit consistently high HTQ (> 1.18), regardless of
the frequency. Similarly, high HTQ values are obtained
even by the PS optimization when TCsj is used as a
goal function. Inspection of eventual enhancements in
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FIGURE 4 The maximum SAR absorption ratio, I', at each single operating frequency for the two selected targets, obtained via direct
solution. The triangle indicates the best I" value and operating frequency for a given model

TABLE 2

HTQ values of the HTPs obtained via the specified optimization methods for the two selected targets and for all frequency

combinations. EV and i-EV can only handle single-frequency plans. Best values for method and frequency setting are reported in bold and

underlined. Best overall values per patient model are highlighted in gray

HTQ Larynx Meninges

f [MHz] EV[I] i-EV[HTQ] PS [HTQ] PS[TC_50] EV[T] i-EV[HTQ] PS[HTQ] PS[TC_50]
400 1.18 0.87 0.83 1.16 1.54 1.26 1.21 1.71
500 1.25 0.85 0.82 1.20 1.38 1.24 1.16 1.25
600 1.21 0.90 0.97 1.28 1.41 1.24 1.15 1.42
700 1.19 0.95 0.94 1.22 1.38 1.25 1.16 1.62
800 1.22 1.03 1.01 1.35 1.46 1.32 1.20 1.71
400 + 500 0.83 1.22 1.13 1.37
400 + 600 0.82 1.17 1.1 1.44
400 + 700 0.82 1.22 1.16 1.35
400 + 800 0.82 1.24 1.15 1.51
500 + 600 0.82 1.24 1.14 1.44
500 + 700 0.82 1.22 1.07 1.33
500 + 800 0.82 117 1.08 1.35
600 + 700 0.90 1.32 1.07 1.34
600 + 800 0.93 1.31 1.1 1.39
700 + 800 0.94 1.35 1.1 1.39

the multi-frequency setting reveals that, in terms of HTQ,
virtually, no improvement is achieved in either target.
Figure 7 and Table 3 report the values of TCgy as
quality indicator for each HTPR. The difference in TCsg
between the best single- and multi-frequency solutions
reveals that the benefit of introducing a second oper-
ating frequency is negligible in the larynx case (from
84% @ 400 MHz to 86% @ 400 + 700 MHz), but rele-
vant in the meningioma case (from 63% @ 500 MHz
to 73% @ 400+ 700 MHz). The PS[TC_50] solution
at 600+ 700 MHz gains more than 10% in TCsg
for the meningioma target with respect to the best
single-frequency solution. The HTQ-optimal solutions,

i-EV[HTQ] and PS[HTQ], yield poor target coverage in
almost all cases. In particular, TC5q in the meninges is
extremely low for these solutions (< 30%). At 500 MHz,
PS [HTQ] gains about 16% in target coverage with respect
to i-EV[HTQ], despite the negligible difference of 0.07 in
HTQ between the two solutions seen in Figure 6(b). In
the larynx, only one single-frequency case and two multi-
frequency cases yield coverage above 50% when solved
for HTQ. The EV [I'] solutions yield poor target coverage
in all cases. The PS[TC_50] optimization strategy yields
the best values for this indicator, as expected.

To gain a better understanding of the differences
between the HTP methods considered in this work, the
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TABLE 3

TCsq values (%) of the HTPs obtained via the specified optimization methods for the two selected targets and for all frequency

combinations. EV and i-EV can only handle single-frequency plans. Best values for method and frequency setting are reported in bold and

underlined. Best overall values per patient model are highlighted in gray

TCsp Larynx Meninges

f [MHz] EVI[I] i-EV[HTQ] PS[HTQ] PS[TC_50] EV[I] i-EV[HTQ] PS[HTQ] PS[TC_50]
400 26.8 57.6 60.1 84.0 9.4 134 13.8 37.6
500 227 38.8 33.1 80.9 8.7 13.2 28.8 62.9
600 246 43.4 45.5 70.0 111 10.7 11.5 55.6
700 241 229 22.4 64.7 8.4 10.5 12.6 38.9
800 171 25.3 24.0 48.8 129 12.9 12.7 32.9
400 + 500 454 84.2 213 67.8
400 + 600 44.7 84.6 12.2 56.7
400 + 700 51.4 85.5 16.8 65.3
400 + 800 53.1 84.5 14.2 57.0
500 + 600 32.2 85.1 14.3 61.6
500 + 700 32.7 84.4 20.7 71.0
500 + 800 291 83.5 191 66.2
600 + 700 37.8 76.6 14.3 73.2
600 + 800 35.4 71.4 13.3 66.6
700 + 800 23.0 69.4 14.4 63.8

i-EV Convergence

= |terative EV
Particle Swarm

—
o

Cost Function Value (HTQ)

0.5 : :
10° 102 104
Cost Function Evaluations
FIGURE 5 Example of convergence for the i-EV and PS

algorithms in a single-frequency treatment planning optimization
problem using HTQ as cost function. Larynx target, 500 MHz. The
black dotted line indicates the optimum determined by PS.i-EV starts
at the classic EV solution and determines a solution very close to the
optimal one after only about 50 evaluations. PS needs 100
evaluations to complete its first iteration only, and the optimum is
reached after more than 5000 evaluations

SAR distributions achieved by each method at its opti-
mal combination of frequencies in terms of final cost
function value are visualized in Figures 8 and 9. In the
larynx case, the EV[I'] solution at 800 MHz reflects
the poor target coverage, especially in deeper parts of
the target, and the inefficient hot-spot suppression sug-
gested by the values of the HTP quality indicators. The
main heating spot is outside the target and located in

the adjacent skin layer between the target and the bolus.
The i-EV[HTQ] and PS[HTQ] solutions exhibit very sim-
ilar SAR patterns, with relatively homogeneous energy
deposition thorough the target and maxima located near
the target center. This correspondence can be explained
by the major contribution of the frequency component at
500 MHz. The role of the second frequency component
at 800 MHz in the PS[HTQ] solution is rather limited; nev-
ertheless, it increases the SAR deposition in the deeper
parts of the tumor by radiation from the antennas lying
on the posterior side of the neck. The PS[TC_50] opti-
mization strategy yields a remarkably different solution
from all the previous methods. In this solution, almost
all antennas are active and their power contribution is
in the same order of magnitude. This results in a very
high and homogeneous energy deposition in the tumor,
which is, however,accompanied by considerable heating
of the surrounding healthy tissues. In fact, both superfi-
cial and deep healthy tissue heating spots are present
in this solution.

In the meningioma case, Figure 9, the main SAR peak
of the EV[T] solution is located inside the target. Nev-
ertheless, this peak is rather narrow and only affects
the superficial part of the tumor, leaving the deeper
parts unheated. The i-EV[HTQ] slightly improves on
this aspect by extending the SAR deposition into the
deeper parts of the brain. The PS[HTQ] method further
enhances the coverage of deeper tumor areas with the
help of a second frequency component at 700 MHz.
The PS[TC_50] solution once more distinguishes itself
from the other methods by actively using all antennas
and frequency components to considerably extend the
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SAR deposition throughout the whole target volume.
This is done at the expenses of a substantial heating of
the healthy tissues; however, the heating spots are now
located more superficially and closer to the water bolus
than in the larynx case.

Figures 10 and 11 report the temperature profiles
obtained from the above-mentioned plans after thermal
simulations. Again, each profile corresponds to the fre-
quency combination that yielded the best cost function
value for the given optimization algorithm. The analysis
of the temperature distributions obtained inside the tar-
gets is summarized into cumulative histograms in Fig-
ure 12, whereas the median temperature T53 and 90-
percentile temperature Tgy achieved in the target vol-
umes are reported in Table 4.

For the larynx case, the EV[T'] solution results in high
temperatures in the frontal area of the target (~ 44°C),
whereas the deeper parts of the target, behind the tra-
chea, do not achieve therapeutic temperatures (~ 38°C),
as expected from the low SAR values at this loca-

tion. The resulting median and 90-percentile target tem-
peratures are therefore relatively low, below 40°C and
39°C, respectively. The i-EV[HTQ] and PS[HTQ] meth-
ods yield similar distributions, with most of the target vol-
ume reaching 40°C in both cases. The performances of
the single-frequency i-EV [HTQ] and PS [HTQ] are almost
identical, as predicted by their similar HTQ and TCsg
values and SAR distributions. In the TCxp-optimal solu-
tion, the main temperature peak is found outside the
target (43°C, as per constraint), near the spinal cord.
This results in a median target temperature 0.8°C lower
than the HTQ-optimal solutions. However, the tempera-
ture homogeneity inside the target is still high, achieving
the same value of Ty, as for 1-EV[HTQ] and PS[HTQ].
In the meninges, the EV[I'] solution results in neither
a localized high temperature peak nor good cover-
age. The cooling effect of the water bolus counteracts
the high SAR deposition close to the skull, damping
the temperature peak (42.8°C). The cumulative his-
togram indicates that most of the tumor is subjected to
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(a) EVII] (b) i-EV[HTQ] (c) PSIHTQ] (d) Ps[TC_50]
800 MHz 500 MHz 500 -+ 800 MHz 400 + 700 MHz

(e) EVII] (f) i-EV[HTQ] (g) PSIHTQ] (h) PSITC_50]
800 MHz 500 MHz 500 -+ 800 MHz 400 + 700 MHz

FIGURE 8 SAR distributions in the larynx case for each optimization strategy at its optimal frequency or combination of frequencies.
(a)—(d) transverse sections and (e)—(h) sagittal sections. The target is outlined in white. The sections are taken at the target center, which is
indicated by a white cross. The SAR values are normalized to the highest peak inside the patient. The SAR is not calculated for those voxels
belonging to background or to the patient’s lumina, because they do not represent biological tissue

(a) EVIT] (b) i-EV[HTQ] (c) PS[HTQ] (d) ps[TC_50]
400 MHz 500 MHz 500 + 700 MHz 600 + 700 MHz

FIGURE 9 SAR distributions in the meninges case for each optimization strategy at its optimal frequency or combination of frequencies.
Sagittal sections. The target is outlined in white. The sections are taken at the target center, which is indicated by a white cross. The SAR values
are normalized to the highest peak inside the patient. The SAR is not calculated for those voxels belonging to background or to the patient’s
lumina, because they do not represent biological tissue. The sections are rotated by 90° for optimal layout

temperatures below 40°C. The single-frequency median and 90-percentile temperatures is, however,
i-EV[HTQ] solution partially improves on this aspect by achieved by the multi-frequency solutions PS[HTQ] and
shifting the power deposition toward the deeper part PS[TC_50]. The PS[HTQ] solution utilizing two frequen-
of the target. The most relevant enhancement of the cies gains 1.2°C both in Tgq and Toy with respect to
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(a) EVII] (c) Ps[HTQ] (d) ps[TC_50]
800 MHz 500 MHz 500 4 800 MHz 400 + 700 MHz

(e) EvIr] (f) i-EV[HTQ] (g) Ps[HTQ] (h) ps[Tc_501]
800 MHz 500 MHz 500 + 800 MHz 400 + 700 MHz

FIGURE 10 Temperature distributions achieved in the larynx case by the SAR-based treatment plans at their optimal frequency or
combination of frequencies. (a)—(d) Transverse sections and (e)—(h) sagittal sections. The target is outlined in white. The maximum temperature
in the healthy tissues is 43°C in all cases

(a) EVIr] (b) i-EV[HTQ] (c) PS[HTQ] (d) ps[Tc_50]
400 MHz 500 MHz 500 + 700 MHz 600 + 700 MHz

FIGURE 11 Temperature distributions achieved in the meninges case by the SAR-based treatment plans at their optimal frequency or
combination of frequencies. Sagittal sections. The target is outlined in white. The maximum temperature in the healthy tissues is 43°C in all
cases. The sections are rotated by 90° for optimal layout
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Cumulative histograms of the temperatures reached inside the two selected targets. The gray lines indicate the reference for

TABLE 4 Median and 90-percentile temperature values in the targets, for each HTP method at its optimal frequency combination (f)

Larynx Meninges

EV[T] i-EV[HTQ] PS[HTQ] PS[TC_50] EV[I] i-EV[HTQ] PS[HTQ] PS[TC_50]
f [MHZz] 800 500 500 + 800 400 + 700 400 500 500 + 700 600 + 700
Tso [°C] 39.5 40.9 41.0 40.2 39.2 41.0 42.2 42.9
Too [°C] 38.1 38.6 38.6 38.6 38.2 39.4 40.6 41.4

the single-frequency i-EV[HTQ]. The multi-frequency
TCsq-optimal solution further increases both tempera-
ture indicators, gaining 0.7°C in Tsg and 0.8°C in Tgg
with respect to PS[HTQ].

To further investigate the benefits of including a sec-
ond operating frequency in the meningioma example,
we report the cumulative histograms of the tempera-
tures inside the target for the TCgg-optimal solutions in
the single-frequency and multi-frequency cases in Fig-
ure 13. In the multi-frequency setting, the cumulative

100
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O L L L
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FIGURE 13 Cumulative histograms of the temperatures
reached inside the meningioma target using the TC5q-best
single-frequency (solid line) and multi-frequency (dashed line)
solutions. The gray lines indicate the reference for the 50th and 90th
volume percentiles. The dots further report the actual values of Tsg
and Ty for these solutions

curve is steeper and above the single-frequency one,
indicating that high temperatures are achieved across
the entire target volume. The addition of a second fre-
quency improves notably the T5y and Tgy values by
about 0.3 and 0.5°C, respectively.

5 | DISCUSSION
The present work discusses the capability of several
SAR-based HTP optimization strategies to shape the
SAR pattern inside the patient and focus the heating
in the target, while at the same time limiting the power
deposition peaks and thus potential hot-spots in the
healthy tissues. The investigation includes single- and
multiple-frequency schemes. In particular, it is designed
to address several and partly overlapping objectives: (1)
to assess the suitability of T' as objective for HTP opti-
mization (EV[I'] vs. nonlinear cost-function-based opti-
mizers i-EV and PS); (2) to verify the ability of the pro-
posed fast EV-based iterative solver for HTQ to reach
the same optimum located by a slower global stochas-
tic optimizer (i-EV[HTQ] vs. PS[HTQ]); (3) to determine
whether multi-frequency treatments can reach higher
target temperatures than single-frequency ones (EV,
i-EV and single-frequency PS versus multi-frequency
PS). The choice of PS as counterpart for the assess-
ment of EV is motivated by the fact that both solvers are
actively used in clinical practice.!®:%°

The outcome of HT treatments has been shown to
correlate with the temperatures achieved in the treated
region. A strong evidence for this comes from the
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successful clinical trials,'?°6-°8 put also from the stud-
ies that failed to demonstrate the benefit of HT due to
poor heating quality®%° Various thermal dose metrics
have been proposed to exploit this correlation, and
their relationship with the therapeutic effect has been
validated in retrospective clinical studies. The methods
investigated in this study are evaluated using clini-
cally relevant metrics. In particular, the 25% iso-SAR
contour (TC,5) has been suggested as a predictive
SAR-based factor for clinical outcome.*® More recently,
Bellizzi et al*® suggested TCs to correlate better with
the achieved temperatures in more challenging loca-
tions such as the head and neck. According to clinical
practice, tumor coverage is evaluated by the indexed
temperatures Tg, T, and Tgg, Which represent the
temperatures achieved in at least 10%, 50%, and 90%
of the target volume, respectively.

As a consequence of uncertainties in thermal mod-
eling, the current clinical practice still relies on increas-
ing the applied power until the temperature in the most
critical hot-spot reaches the maximum allowed tempera-
ture or causes discomfort to the patient. The constraints
of 43—45°C to healthy tissues in the treatment planning
reflect the general acceptance among the clinicians.>?
In our evaluation, we take a conservative approach and
scale the input power such that healthy tissue temper-
atures do not exceed 43°C. In this way, the compari-
son between the different HTP strategies reflects the
expected clinical gain.

5.1 | Suitability of I" as objective for HTP
optimization

Maximizing the quadratic ratio (6) between the average
power deposition in the target and the average power
deposition in the remaining healthy tissues is a classic
way to achieve EM focusing in a subregion of a domain.
This problem can be efficiently solved using EV decom-
position, as shown in Section 2. In fact, EV beam-forming
for HTP was introduced almost three decades ago?®
and is still repeatedly used in the clinical setting albeit
with modifications and improvements3'-3? Still to date,
the power ratio (6) and EV-based HTP are considered a
means to evaluate the heating capabilities of an appli-
cator design prior its clinical use 366

The clinical implementation of HTP in the past
decade, however, revealed that the average power depo-
sition is not a good predictor of the thermal distribu-
tion achieved inside the treated region, and that local
hot-spots in healthy tissues are more relevant limiting
factors. 5253 The temperature profiles relative to the T-
optimal solutions reported in Figure 12 and Table 4
confirm this limitation. The median target temperature
achieved by the EV[I'] plan is about 1.5 and 3.7°C lower
than the best solutions in the larynx and the meninges,
respectively. More modern HTP cost functions, such as

the HTQ, overcome the limitation of the average oper-
ator. Unfortunately, their intrinsic nonlinearity hinders a
direct solution and requires an iterative procedure such
as the i-EV proposed here or similar strategies.>® At the
same time, the use of fast direct-iterative solvers instead
of slower global stochastic optimizers such as PS is still
desirable, due to the high speed required for online HTP
adjustments in the clinical setting.5*

5.2 | Using a fast eigenvalue-based
iterative solver (i-EV)

The SAR-based analysis carried out in this work indi-
cates that the proposed i-EV scheme based on (21) is
capable of reaching HTQ values that are comparable
to those yielded by a global stochastic optimizer for dif-
ferent operating frequencies and array topologies. This
is, however, valid only when the treatment options are
limited to a single operating frequency. In particular, the
larynx case suggests that a single-frequency treatment
might be sufficient for this patient, as long as the most
suitable frequency can be selected across a UWB range.
Note, in fact, that both HTQ and TCsq exhibit frequency-
dependent behaviors regardless of the optimization
algorithm used (Figures 6 and 7, Tables 2 and 3).

The results further indicate that the suitability of the
chosen HTP cost function is also region- and target-
dependent. The HTQ-optimal temperature distribution
performs better than the TCsp-optimal one in terms of
median and peak temperatures in the larynx case. In the
meningioma case, however, the situation is reversed and
the TCsq-based HTP appears to be the best choice. This
might be due to a number of factors. First of all,the pres-
ence of the skull in close contact with the cerebrospinal
fluid generates sharp and narrow SAR peaks that might
be better captured by the local peak term used in the
TCsq definition. In contrast, HTQ considers the hot-spot
as a larger subvolume of healthy tissues (1%), which
might be too coarse to accurately identify the location of
the limiting peak. Note that defining the hot-spot as 1% of
the patient model also renders the HTQ values model-
dependent, thus preventing meaningful direct compar-
isons between the two cases. Efforts to combine the two
distinct treatment objectives of target coverage and hot-
spot suppression in a single volume-independent opti-
mization metric are ongoing.5°

5.3 | The potential of multi-frequency
HTP to increase the thermal dose in the
target

The thermal distributions achieved in the mengioma
case indicate that MW-HT treatments can benefit con-
siderably from the multi-frequency approach in this
region. In the best case, using TC5y as cost function,



SUITABILITY OF EIGENVALUE BEAM-FORMING FOR DISCRETE MULTIFREQUENCY HYPERTHERMIA TREATMENT PLANNING M E Dl C e L P H YS I CS 15

the multi-frequency approach yields T5y = 42.9°C and
Tgo = 41.4°C versus T5q = 42.6°C and Tgg = 40.9°C for
the best single-frequency solution,implying that the tem-
peratures are higher and more uniformly distributed
across the target volume. The use of a second frequency
is particularly beneficial in increasing the tumor cover-
age, demonstrated by a 0.5°C gain in Tgg. The advan-
tages of the multi-frequency setting are also highlighted
when considering the HTQ as a cost function for HTP.
The single-frequency i-EV[HTQ] results in 1.2°C lower
Tso than the multi-frequency PS [HTQ].

The assessment of the clinical potential of the multi-
frequency approach must be done from the point of view
of the thermal dose relationship predicting the cytotoxic
effect of HT treatments. Clinical protocols require high
T10, Tsg, and Tyg temperatures to be maintained for a
specified amount of time.®® Ty, in particular, has been
shown to correlate with clinical outcome %" To incor-
porate the notions of temperature and treatment dura-
tion into one metric, the cumulative equivalent minutes
at Tgg = 43°C (CEMy3Tgg) metric has been proposed
and its dose-effect relationship has been reported."’ A
strong relationship between the achieved tumor tem-
perature and the cytotoxic effect, as modeled by the
CEMy3Tog metric, suggests that a decrease of 1°C from
the reference temperature of 43°C inside the tumor cor-
responds to a fourfold decrease in the resulting thermal
dose, underlining the importance of striving for higher
tumor temperatures.

In view of remaining uncertainties affecting patient
modeling, the reliability of thermal simulations in HTP
must be discussed. In fact, the recent report by Aklan
et al®® uncovered that the absolute temperature val-
ues predicted by thermal simulations still do not corre-
late sufficiently well with measured temperatures dur-
ing treatment. In that study, differences between pre-
dicted and measured temperatures reached up to 2°C
on average. Nevertheless, relative changes in tempera-
ture following amplitude and phase steering have been
shown to correlate extremely well between simulations
and actual treatments®® with predictions as accurate
as 0.1°C. In this report, we compare relative changes
in thermal distributions, and therefore, expect the simu-
lated improvements to reflect in the clinical scenario. As
such,an increase of half a degree in Ty achieved by the
multi-frequency plan in the meningioma case would cor-
respond to a doubling of the thermal dose for the same
treatment duration, according to the CEMy3Tgo model
(for Tgg < 43°C). This higher dose, in turn, is expected
to reflect into better tumor response.'? Although the
expected benefit is lower for Tog > 43°C, such high val-
ues for Ty are rarely achieved in clinical practice,'? due
to the known challenges in external heating. This fur-
ther stresses the paramount importance of struggling
for higher and more homogeneous temperatures, and
the present investigation indicates that multi-frequency
can be one way to reach this goal.

As a final note, we acknowledge that the potential and
suitability of the multi-frequency approach needs to be
assessed over a larger patient data set.

6 | CONCLUSION

This study discusses the suitability of classic EV beam-
forming for HTP, proposes a novel iterative scheme
that improves the single-frequency EV-based HTPR and
investigates the potential advantages of multi-frequency
versus single-frequency HTP. As previously found in
other studies, the examples reported here indicate that
EV in its basic form should be avoided as HTP method,
because it yields target temperatures far below the
desired therapeutic values.However, EV can still be used
in its iterative form to minimize nonlinear cost functions
for single-frequency HTP problems, when one frequency
is sufficient to achieve target coverage and hot-spot sup-
pression. The operational frequency should neverthe-
less be carefully selected from a wide frequency band
depending on the tumor size and location. In fact, as
this study highlights, the quality indicators in single-
frequency plans exhibit a strong dependence on the
selected operating frequency. Consequently, a modern
applicator should be designed to allow for the selection
of the operating frequency across a ultra-wide range.
In regions such as the brain, the use of two or more
concomitant frequencies can considerably improve the
thermal distributions, increasing median temperature
and temperature homogeneity within the target while
not exceeding the set temperature limit in healthy tis-
sues. Overall, these results suggest that a comparison
between applicators and plans should not be grounded
on average power ratios, but rather on nonlinear indi-
cators such as HTQ and TCsg, and further motivate
the design and development of UWB applicators for
MW-HT.
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