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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.
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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



SUITABILITY OF EIGENVALUE BEAM-FORMING FOR DISCRETE MULTIFREQUENCY HYPERTHERMIA TREATMENT PLANNING M E D | C ! L P H YS | CS 3

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



