1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Phys Med Biol. 2009 April 7; 54(7): 2131-2145. doi:10.1088/0031-9155/54/7/019.

Real-time MRI-guided hyperthermia treatment using a fast
adaptive algorithm

Vadim L Stakhursky, Omar Arabe, Kung-Shan Cheng, James MacFall, Paolo Maccarini, Oana
Craciunescu, Mark Dewhirst, Paul Stauffer, and Shiva K Das
Department of Radiation Oncology, Duke University Medical Center, Durham, NC, 27710, USA

Abstract

Magnetic resonance (MR) imaging is promising for monitoring and guiding hyperthermia treatments.
The goal of this work is to investigate the stability of an algorithm for online MR thermal image
guided steering and focusing of heat into the target volume. The control platform comprised a four-
antenna mini-annular phased array (MAPA) applicator operating at 140 MHz (used for extremity
sarcoma heating) and a GE Signa Excite 1.5 T MR system, both of which were driven by a control
workstation. MR proton resonance frequency shift images acquired during heating were used to
iteratively update a model of the heated object, starting with an initial finite element computed model
estimate. At each iterative step, the current model was used to compute a focusing vector, which was
then used to drive the next iteration, until convergence. Perturbation of the driving vector was used
to prevent the process from stalling away from the desired focus. Experimental validation of the
performance of the automatic treatment platform was conducted with two cylindrical phantom
studies, one homogeneous and one muscle equivalent with tumor tissue (conductivity 50% higher)
inserted, with initial focal spots being intentionally rotated 90° and 50° away from the desired focus,
mimicking initial setup errors in applicator rotation. The integrated MR-HT treatment platform
steered the focus of heating into the desired target volume in two quite different phantom tissue loads
which model expected patient treatment configurations. For the homogeneous phantom test where
the target was intentionally offset by 90° rotation of the applicator, convergence to the proper phase
focus in the target occurred after 16 iterations of the algorithm. For the more realistic test with a
muscle equivalent phantom with tumor inserted with 50° applicator displacement, only two iterations
were necessary to steer the focus into the tumor target. Convergence improved the heating efficacy
(the ratio of integral temperature in the tumor to integral temperature in normal tissue) by up to six-
fold, compared to the first iteration. The integrated MR-HT treatment algorithm successfully steered
the focus of heating into the desired target volume for both the simple homogeneous and the more
challenging muscle equivalent phantom with tumor insert models of human extremity sarcomas after
16 and 2 iterations, correspondingly. The adaptive method for MR thermal image guided focal
steering shows promise when tested in phantom experiments on a four-antenna phased array
applicator.

1. Introduction

When used as an adjuvant treatment with other established cancer treatment modalities such
as radio and chemotherapies (Dewhirst et al 2005, Sneed et al 1998, Corry and Dewhirst
2005, van der Zee and van Rhoon 2006, Jones et al 2005), hyperthermia (40-45 °C for 30-60
min) has demonstrated favorable outcomes in numerous clinical studies. Hyperthermia has the
potential for increasing tumor sensitivity to ionizing radiation by numerous mechanisms
including increasing tumor oxygenation (Hall and Giaccia 2005), and for heat-targeted
temperature-triggered drug delivery (Ponce et al 2006, Chen et al 2004, Ponce et al 2007).
Realization of this potential is critically dependent on the ability of the treatment equipment
to effectively focus heat in the tumor target while avoiding overheating of surrounding normal
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tissue. However, this has proven to be non-trivial, owing to the complex interactions of non-
ionizing radiation within the patient anatomy, especially for multi-antenna electromagnetic
(EM) hyperthermia systems (Stauffer 2008).

Computer modeling of the absorbed thermal dose distribution for patient-specific geometries
is often used to predict the quality of the treatment, estimate patient-specific applicator efficacy
and generate an optimal set of parameters for driving EM sources (Paulides et al 2005,
2007a). However, assumptions made in creating the model, such as lack of understanding of
thermal physiological processes, lack of accurate knowledge of tissue EM and thermodynamic
properties and the error in prescribing the EM sources (cross-talk between antennae, impedance
matching network, etc), can result in treatment delivery that deviates significantly from the
plan. Non-invasive magnetic resonance imaging (MRI) can potentially be used to monitor and
adjust the temperature rise in the patient (MacFall et al 1995, Gellerman et al 2006a, 2006b,
Woust et al 2006), thereby compensating for deficiencies in the model. In this work, we use
proton resonance frequency shift MR images (MacFall et al 1996) to monitor temperature and
adjust the initial model in real time, until convergence of the heat focus to the desired target
location.

Several controllers of antenna input parameters (amplitude and phase) for optimal
hyperthermia treatment have been discussed in the literature (Hutchinson et al 1998), with
several involving true 3D volumetric analysis (Vanne and Hynynen 2003, Mougenot et al
2004). The theoretical framework for the automatic control algorithm presented here was built
upon our earlier work (Das et al 1999a, 1999b) with phantom experiments (Das et al 2001).
According to this theory, for an applicator with M independent coherent EM sources, M?
measurements are sufficient to fully characterize the heated object via a model, which can then
be used to predict the thermal distribution from any arbitrary excitation configuration of the
multiple antenna array. However, for applicators with a large number of antennas M, the
process of system characterization may take significant time. Therefore, the current work is
directed toward alternative adaptive approaches to accelerate the ‘learning’ process. A least-
squares method for system optimization was discussed recently, with numerical studies of the
effect of setup errors and blood perfusion on the convergence speed and treatment efficiency
(Cheng et al 2008). To investigate the realistic performance of the algorithm, the simulated
temperature response images included Gaussian noise typical for treatments of extremity
sarcomas with simultaneous imaging with MRI body coil. Depending on the initial conditions,
the convergence occurred after 20-25 iterations (in contrast to theoretically expected 16),
owing to slow system recovery due to the noise. Another least-squares algorithm for steering
the heat toward tumor was reported and experimentally validated on phantoms of pelvis
recently (Weihrauch et al 2007). The authors outlined the approximation to reduce the
dimensionality of the problem from M2 to 6M, making it attractive for control of applicators
with a large number of antennas.

In this work, we present a modified adaptive algorithm based on the feedback from real-time
magnetic resonance (MR) thermal imaging. To offset the detrimental effect of noise in thermal
images, we introduce the concept of vector perturbation, where the algorithm constantly
searches for a better input for the treatment in the vicinity of tumor. Two experimental tests,
with homogeneous and homogeneous plus tumor insert phantoms, were conducted to evaluate
the performance of the focal spot steering control system. Efficiency of convergence to a stable
phase focus in the target was analyzed with respect to the amount of initial misalignment of
the tumor target inside the applicator.

Phys Med Biol. Author manuscript; available in PMC 2010 April 7.



Stakhursky et al. Page 3

2. Methods and materials

2.1. Mathematical basis for the system analysis and feedback control of thermal focus
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2.1.1. Background—The physical model for EM microwave heating can be separated into
two parts: modeling of the EM field in tissue, and use of the resulting specific absorption rate
(SAR) distribution as power input to the thermal modeling solution. As detailed in previous
work (Das et al 2001), the EM field for arbitrary antenna inputs for an M-antenna system can
be expressed as

M uj
Esum:mEIEm cUn= [El cee Em] B IR
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(1)

where E; and u; are the electric field vector and complex input for antenna i. The local power
Psum deposited to the tissues due to EM losses can be expressed as
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In the above equation, the subscript * denotes the complex conjugation, while the
superscript H denotes the complex conjugate transpose; the computed MxM matrix [Dij] is
Hermitian. Under the assumption of a linear heat transfer process, the resulting thermal
distribution can also be expressed in the Hermitian form:

T (x,y,2) =u' . [S.\'.,\'.:] s u, 3)

where the matrix Sy y ; is a position-dependent MxM Hermitian matrix with positively defined
eigenvalues 4; > 0, regardless of the exact form of the linear bio-heat transfer equation (zero
boundary conditions are implied), the properties and geometry of the patient. The numerical
values for the elements of the matrices Sy , , are based on the characteristics of the heated object
and heating system—the patient's electrical and thermal properties, patient positioning in the
applicator, load-dependent antenna forward and reflected power, antenna cross-coupling,
antenna port output, etc. For example, estimates of these properties may be used to generate
finite element (FE) models of the system. Thus, if the system is exactly known prior to heating,
the antenna settings that the best heat tumor (without regard to normal tissue) may be computed
as the maximum eigenvector of the summation of matrices Sy, for all x, y, z € tumor. While
some properties of the system, e.g., amplifier calibration, impedance mismatch, antenna cross-
coupling, could be measured prior to the treatment, others are more difficult to estimate. The
actual values of the thermal and electrical characteristics of human tissues may vary
significantly between patients (Goss et al 1978), across tissue types (Gabriel et al 1996c¢), and
as a function of time during the treatment. Also, uncertainties associated with blood perfusion,
which vary both spatially and temporally during the treatment (Song et al 1984, Cheng and
Roemer 2005), further complicate the modeling process. All this implies that any initial
estimate of Sy, would need to be revised based on feedback measurements obtained during
the course of heating.
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2.1.2. Feedback control—The feedback control approach taken here is to start with a model
based on some initial estimate of system properties. The model is then iteratively updated by
comparing MR-measured thermal images to the expected thermal distributions, until
convergence (see the flowchart in figure 1). Throughout the iterative process, the heat focus is
progressively moved closer to the center of the desired target. This process is in contrast to our
previous methodology (Das et al 2001), wherein the M2 elements of matrices Sxy,z Were
computed from thermal images corresponding to M2 antenna settings that were largely different
from each other. Consequently, these initial model identification settings did not provide useful
tumor heating, which was focused in the tumor only after completion of all M? initial model
identification steps. Our current methodology attempts to provide useful heating during each
iteration. A potential advantage of the current approach is faster convergence to focus (<M?
iterations) when the iterative updates are able to rapidly characterize the system, which occurs
in most cases depending on how accurately the initial setup characterizes the actual tumor—
applicator geometry.

The feedback control approach is shown in figure 1. An initial model based on estimates of
system properties, [Sx,y,z]Oa is used to compute the optimal driving vector, v, as the eigenvector
corresponding to the highest eigenvalue of the summed matrices [Sy y ;]o, for (x, y, 2) € tumor.
The amplifiers are set to deliver the vector vq for a time interval of 100 s, from which the
system's point-wise thermal response to this input [Ty ,]o is recorded by subtracting two
thermal images at the beginning and end of the time interval. The thermal response
measurement [Ty y -]o is then used to update the system matrices to [Sx,y,z]l- This process is
iteratively repeated, with the computed driving vector, vy, at iteration k, used to update the
system matrices at the k+1st iteration as follows:

VIIVIH . IS_x‘.,\x:Ik -V, for Vv, (v - v)=0. "

According to the complete set of linear equations (4), at each iteration (figure 1), the matrix is
updated with the newly acquired thermal images [Ty y ,]x only in the direction of the last input
vector vy, and defaults to previous knowledge of the system in orthogonal directions v}, | = 1,
..., 15, of the complex input vector space.

The update (4) is ill conditioned, since the optimal input vector v can stagnate at some point
in the vector space far from the true optimal vector. Indeed, if vi+1 = vy, then [Sxyyyz]kﬂ =

[Sx,y,z]k-

To avoid this problem, at each iteration k, the computed optimal vector is intentionally
perturbed by a small amount in a predefined direction, to incorporate some measure of
orthogonality. For example, table 1 lists a set of perturbation vectors that can be added at every
step in the iterative process for a four-antenna system. At each step j during the treatment, the
delivered vector Vgeljvery IS et as

Vdelivery :V()plilnal+0-3 * Vperturb j» J=1,....16. (5)

A weight coefficient of 30% in equation (5) was chosen as optimal for the quality of our typical
thermal images based on numerical simulations and preliminary steering experiments. Note
that the larger the value of this perturbation weight coefficient, the more it detracts from our
goal of incrementally moving the heat focus toward the tumor. The image parameters used in
our experiment were as follows: Tr = 34 ms, Te 20 ms, 30° flip angle, field of view of 30 cm,
128 x 128 acquisition matrix and acquisition time of 20 s. The observed image noise could be

Phys Med Biol. Author manuscript; available in PMC 2010 April 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stakhursky et al.

Page 5

approximated by the Gaussian distribution (Cheng et al 2008) with half-width-half-max of
about 0.2 °C. In contrast, the temperature raise of the heated spot during the heat interval of
the treatment (100 s in this work) is of the order of 0.6-0.8 °C. While these numbers seem
comparable, the noise does not destabilizes the convergence critically since the optimal vector
is computed based on integral measure of thermal raise in tumor volume, or over the volume
of the focal spot, and thus the noise contribution somewhat averages out.

2.2. Experimental platform

The mini-annular phased array (MAPA) heating device investigated in this study is one of a
set of phased array heat applicators at the Duke University intended to treat extremity tumors.
The applicator is a cylindrical Plexiglas shell of diameter 23 cm and length 27.5 cm, operating
at 140 MHz. Four independently driven pairs of longitudinally oriented bow-tie dipole
antennas, placed equidistantly around the inner surface of the cylinder, are driven by coaxial
cable feedlines attached at the center of each dipole pair (see figure 2). The applicator design
is similar to the commercially available BSD-2000 SIGMA 30 applicator (BSD Medical
Corporation, Salt Lake City, UT). The extremity phantom is placed inside the cylinder and
coupled to the antennas via a water-filled bolus. For thermal imaging and feedback control,
the MAPA is integrated within the bore of a commercial MR imaging system (GE Signa Excite,
Milwaukee, WI) which supplies proton resonance frequency shift (PRFS) thermal images in
planes at approximately 1 min intervals during the course of a heat session.

The schematic diagram for the operation of the automatic clinical treatment unit is shown in
figure 3. Briefly, the integrated platform comprises invasive optical thermal measurement
probes, non-invasive MR thermal imaging, support electronics for the amplifiers feeding the
microwave antennas, image processing and a decision-making box. A dual quad-core CPU
workstation serves as the master controller to synchronize the operation of the MRI scanner
and the operation of the amplifiers feeding the applicator. A DICOM query application running
in the background ensures that the most recent thermal images of the phantom are uploaded to
the image-processing server. The server sends the images to the controller, which uses them
(in conjunction with measured antenna forward and reflected powers and phases) to update the
system matrices Sy , and set the next driving vector in the iterative process. The contents of
the images (anatomical and thermal response to heating impulse, as well as total accumulated
temperature increase during a session) are output to the terminal screen for visual observation.
This allows a human operator to interrupt the feedback control process if she/he deems that
the focus is visually located close enough to the desired location.

2.3. Experimental validation of the algorithm convergence performance

To test the performance of the automatic MRI-guided treatment platform we conducted two
experiments. The experiments tested the ability of feedback control to steer the focus, starting
with different initial models.

The first experiment, experiment A, was conducted on a homogeneous muscle equivalent
phantom (diameter 13 cm, length 27 cm) with ‘tumor’ located in the right segment of the
cylindrical phantom (figure 2(C)). The initial model was based on specific-absorption-rate
(SAR) computations made with a commercial finite element simulation software program
(HFSS, Ansoft Corp., Pittsburgh, PA) using the materials properties listed in table 3. Since the
system matrices Sy , are formulatgd to compute temperature, the initial model is approximated
by scaling the power matrix, i.e., [Sxy zlo = € - [®j j x,y,z], Where ¢ is an empirical proportionality
coefficient to scale SAR values to average temperature values over the time of input setting
evaluation. (The use of SAR only for treatment planning and the use of SAR tumor coverage
as prognostic factors in clinical applications were discussed recently (Paulides et al 2007b)).
As additional system uncertainty, the initial model system matrices were intentionally rotated
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to mimic a severe 90° clockwise misalignment of the MAPA from the originally expected
antenna—target geometry.

The second experiment, experiment B, was conducted on a similar cylindrical phantom to that
in experiment A, except for a designated off center tumor region (diameter 6 cm, length 18
cm) filled with gelatin having 50% higher conductivity than muscle, as shown in figure 2(D).
The initial model for system matrices was computed from full thermal simulations for the 16
linear independent antenna excitations (ePhysics, Ansoft, Pittsburgh, PA), from which we
extracted point-wise matrices [Sy ,] using material properties from table 3. Similar to
experiment A, system matrices were rotated clockwise by 50° initially to challenge the iterative
convergence.

The experimental conditions for the two tests are summarized in table 2.

Figure 4 presents the iteration history of the running convergence algorithm to treat the right
side of the leg (treatment volume is outlined in the inset of figure 2(C)). Only the central slice
through the plane of four dipole feed-points is shown in this sequence, since the central plane
has the highest capacity for heating and steering of the array focus. Since the applicator was
intentionally misplaced during setup (90° rotation about the HT system axis), the first iteration
heated tissue in the wrong location, accurately following the setup error. The heating tended
toward greater coverage of the target by the third iteration, but the treatment settings were not
yet optimal as evidenced by the partial focus on the left, away from the target. On several
occasions, namely iterations 6, 11 and 14, the focal spot of heating moved away from the tumor,
which would produce less efficient treatment. Nevertheless, the measured temperature map
provides important information for accurate reconstruction of the point-wise system matrices
[vayyz]. However, upon completion of the adaptive part of the [Sy Q"Z] reconstruction, the
algorithm switched into a new phase, when the most recent 16 (M< = 16) thermal images were
used to solve for the system response matrices [S‘X,yyz]. This phase demonstrates robust
performance of automatic treatment, with treatment iterations 17—-22 showing effective thermal
coverage of tumor volume and sparing of normal tissues.

Figure 5 plots the “similarity” of the heating vector at every iteration to the simulated optimal
heating vector as the dot product between these two vectors (most similar = 1, least similar =
—1). The simulated heating vector assumes the thermal and electrical properties of the cylinder,
assumes that amplifier inputs are exactly conveyed to the applicator (not true in practice, since
connection lines and connectors usually distort the inputs), that there are no setup errors, no
load-dependent reflections from the heated volume and assumes no antenna cross-talk (all of
which are present to some degree in reality). The input vector deviated significantly from the
theoretical optimal vector during the first 16 iterations of the operation, and stabilized at a value
of 0.3 after sufficient system information had been collected (iterations 17-23). This low value,
despite convergence to the focus, implies that the theoretical simulations are in error, likely
due to the assumptions made in their calculation.

The performance of the automatic control algorithm in experiment B is plotted in figure 6.
Similar to experiment A, the applicator was positioned with a 50° rotation error to challenge
the convergence algorithm, which resulted in angular displacement of the focal spot initially.
Adaptive feedback update of the system resulted in quick convergence—after the second
iteration the target volume continuously received high heating (iteration 3-17). The evolution
of the similarity of the input vector to the computed optimal vector is plotted in figure 7. Only
minor changes of the similarity metric occurred over the course of the experiment, with an
asymptotic approach to a stable focus with similarity to the optimal vector of 0.65 (again,
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suggesting that the theoretical simulation has some error). Figure 8 plots the iterative evolution
of treatment efficacy in experiment B (F), where F is defined as the ratio of the integral
temperature rise in the tumor target to the integral temperature rise in normal tissue during the
iteration:

F:fAT dvlumor/fAT dVhormals dViumor € Viamors dVaormat € Viormal- 6)

The treatment efficacy ratio increased from about 0.5 at the first iteration to 1.6 at the sixth
iteration, thereafter increasing to 3.0 after ten iterations, a six-fold increase from the first
iteration.

4. Discussion

The experimental tests of the automatic thermal image guided treatment system appear to
suggest that focal spot steering can be achieved within several iterations of the algorithm. Some
approximate prior knowledge of the system from two standpoints is important for creating the
initial model. First, an initial prediction of the driving vector is a prerequisite for quick
determination of the system. Indeed, the perturbation technique used to generate the driving
vector (see equation (5)) gives the most advantage when used in the area close to the optimal
vector (maximum tumor heating vector), effectively testing the response of tumor and
neighboring normal tissue to small antenna variations. In the framework of linear equations
(4), the differential in tissue response will be least affected by noise of thermal images under
these conditions. In contrast, when the vector minimizing tumor heat is used as a starting point,
the effect of small perturbations will show a minimal effect in the area of tumor, which will
not be discernable from noise. As a result, the system thermal matrices in the targeted region
will not be updated correctly. However, in the absence of image noise (or, alternatively, large
perturbation amplitude), any arbitrary starting vector would lead to a convergence in not more
than N2 = 16 iterations as equations (4) become fully determined (Das et al 2001, Kowalski
et al 2002). The second major advantage of having a reliable initial prediction of the system
is that the learning part of the treatment also has a beneficial effect throughout the iterative
process, since the adaptive platform attempts to maximize tumor benefit at each iteration.

The slow convergence in example A is mostly due to a large setup error (90° rotation).
Mathematically, for a symmetrical four-antenna applicator, such a rotation error is equivalent
to a cyclical relabeling of all four amplifiers driving the applicator. Correspondingly, it takes
almost a full learning cycle, 16 iterations, to recover the system's correct order. This analysis
could be extended to applicators with an arbitrary number of antennas, n, positioned
symmetrically around the axis. For such applicators, 2z/n rotation around the axis would be
equivalent to cyclic relabeling of all the antennas. Therefore, it may be assumed that for
treatment devices with a large number of antennas, even small errors in patient setup (2z/n—0
as n—oo) lead to significant disorder of the system. This is somewhat unfortunate, as antenna
applicators with a larger number of antennas are capable of delivering more conformal therapy,
especially in the higher frequency microwave range. However, the situation could possibly be
rectified by certain corrective approaches. For example, a robust approach would be to start
with a reduced-order model, where the adjacent antennas are paired, to effectively decrease
the dimensionality of the applicator to n/2. Since the potential of such a paired-antenna
applicator for conformal tumor heating could be diminished, a second step for optimization
could be performed where parameters of relative amplitude/phase within pairs are varied. Such
a two-step procedure would reduce the convergence process to n%/2 iterations at most (n%/4 per
step). Amore advanced alternative approach would be to use a smaller subset of patient-specific
antennae settings, or virtual sources, which have greater potential for tumor heating (Cheng
et al 2008).
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For the test with only 50° rotation in HT applicator setup, convergence occurred after just two
iterations. As the original optimization was based on initial system knowledge, the first optimal
driving vector included a significant component along the direction of the true optimal vector
(scalar dot product = 0.75, figure 7), and therefore the system response along this component
critically updated the system matrices, rapidly converging to the true system response model.
The measure of treatment efficacy, defined as the ratio of the integral temperature in tumor to
integral temperature in normal tissues, increases during the evolution of the learning system,
with a six-fold increase compared to the first iteration of the treatment obtained by iteration
11. Some fluctuations in efficacy (e.g., drop of the treatment efficacy to only a two-fold increase
from the zeroth setting on iteration 15) can also be seen in figure 8. These deviations from the
‘optimal’ treatment occur due to intentional perturbation of the computed optimal vector.
According to equation (5), in each iteration of the adaptive algorithm 30% of a predefined unit
vector is ‘mixed’ into the current optimal vector (see figure 7) to gain thermal information
about the system. This explanation is strongly favored by the following observation. If the
optimization algorithm is converging to the correct system parameters, the maximum benefit
to the patient will occur during those steps where the perturbed vector is closest to the optimal
vector (or rather is in the same direction), as the scaling factor will not cause significant heat
redistribution. Correspondingly, the vector dot product used as similarity metric in this work
will have almost identical values. As shown in figure 8, the efficiency peaked on iterations 6,
11, 13 and 16 (with a gain of 3.5, 6, 3 and 6, respectively, compared to the initial point). The
dot product curves for the current optimal vector and driving vector are almost overlapping for
the same iterations 6, 11, 13 and 16 (see figure 7), therefore validating the convergence of the
system.

Our earlier work on the investigation of the stability of the focusing algorithm for the treatment
of extremity sarcoma (Cheng et al 2007) showed the susceptibility of the least-squares
algorithm to the noise present in thermal images. The convergence speed was tested as a
function of several clinical uncertainties, in positioning, tissue properties and also initial
antenna driving vector. The introduction of the noise with the amplitude typical for our thermal
imaging system delayed the convergence to 20-25 iterations, while complete identification of
the system requires 16 steps in the absence of noise. The clinically realistic extremity shifts
considered in the study (2 cm) were much smaller than 90° rotational offset tested in experiment
A of this work, and therefore the relative performance is difficult to evaluate. However, our
experiment B with a 50° setup error demonstrated that the convergence occurred in about six
steps at most, about three times faster than in numerical study.

An interesting alternative for automatic steering of the heat to tumor was introduced recently
(Weihrauch et al 2007). While explicitly neglecting the contribution of the diffusion and
perfusion terms in the bio-heat model, the authors reduced the response model to 6M parameters
of antenna SAR profiles at each voxel. This certainly presents an advantage for treatment
applicators with a large number of antennas (>6). However, our M2 model seems more optimal
for the considered four-antenna applicator. In addition, as noted by the authors, the slower
performance of the algorithm after the first iteration could indicate the difficulty of the
algorithm to correct for effects of thermal diffusion (not included in the model).

The performance of all three above-discussed algorithms for focus steering depends on the
initial guess for the input vector, with faster convergence when the vector maximizing the
tumor heating is chosen. However, our adaptive algorithm proposed in this work has an
adjustment parameter, the weight of the perturbation which regulates this dependence. For
large perturbations, the initial vector is not critical for convergence. However, in this case the
treatment is not efficient even if convergence achieved (since the algorithm intentionally
‘misses’ the tumor). For a reasonable initial guess an idealized patient model could be used
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(Cheng et al 2007) or the path-length phase selection algorithm for control of the BSD-2000
system.

The question remains if one can decide when to reduce or turn off the perturbations to switch
to the ‘therapeutical only’ phase of the treatment and diminish fluctuations of the focus. If the
system parameters exhibit static behavior, then asymptotic character of the optimal vector
similarity metric curve could be taken as a sign of convergence (see figure 7). A more rigorous
analysis would require simultaneous on-line monitoring of the optimal and driving vectors,
and the correlation of their differences with the variation of tumor heat benefit, a procedure,
qualitatively outlined earlier in this section. In contrast, a sudden physiological change in the
patient, or time variations in delivery system properties manifested in defocusing of the heat
during the treatment would warrant an assignment of larger perturbation weight to regain the
focus.

While it was shown that the system has potential for clinical hyperthermia treatment, some
parameters of the system need to be improved. Further acceleration of the convergence time
could be achieved if high-quality thermal images are obtained in a shorter period of time, and
MR thermal imaging techniques under development show some promise (Vanne and Hynynen
2003, Mougenot et al 2004). Also, a cool-down period of 180 s used in the thermal acquisition
sequence makes the convergence process too long for clinical application (~28 min for six
iterations). The cool-down interval can be feasibly reduced by using the exponential follow-
off extrapolation technique to predict the full extent of expected temperature changes in patient
voxels (Roemer 1990).

5. Conclusions

We have developed an integrated HT treatment system with the capability of automatically
steering heating toward the tumor and dynamically improving the efficacy of the treatment.
The treatment optimization is based on 3D non-invasive MR thermal images acquired during
the course of heat treatment. The perturbation technique is used to offset the effect of thermal
image noise on the determination of system thermal parameters. Tests of the system show that
less or equal to M2 (M is the number of antennas) iterations are required for steering of heating
into the specified target volume even with significant initial applicator—target alignment errors,
which were used to challenge the optimization algorithm. Overall, the proposed treatment
system shows great potential for a full-scale clinical HT platform for treatment of soft-tissue
sarcoma in extremity.
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Figure 1.

Combine new information with
previously acquired/simulated data

Block diagram for operation of the adaptive algorithm based on real-time MRI thermal images.
Heat focusing in the tumor is achieved iteratively. At each step, the amplifiers are set to the
current optimal values for a time period of 100 s, and two MR thermal images are acquired at
the beginning and end of the time period. The difference between the thermal images is
analyzed as the response to heating, the system data are updated, and the procedure iterates.
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(B)

Figure 2.

Four-antenna Duke applicator for treatment of extremity sarcomas (A) and Ansoft HFSS model
(B). Inset (C) shows the target volume in right quadrant for experiment A while inset (D) shows
cylindrical tumor volume used for optimization during experiment B.
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Schematic of the adaptive MRTI guided HT treatment system.
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Figure 4.

Experiment A: iteration history of HT treatment of figure 2(C) treatment volume in the central
transaxial slice as guided by the adaptive control algorithm. The applicator was intentionally
misaligned by 90° initially to test the convergence.
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Similarity of the experimental optimal vector to the optimal vector computed based on
numerical modeling of the system. Open circles designate the intentionally perturbed driving
vector fed to the antennas.
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Target

Figure 6.

Experiment B: iteration history of the HT treatment (see figure 2(D) for target volume). The
applicator was intentionally misaligned by 50° to test the convergence. The outline of the
phantom and target volume is shown on the central transaxial slice in the right lower corner of
the figure.
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Similarity of the experimental optimal vector to the optimal vector computed based on
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numerical modeling of the system. Open circles designate the intentionally perturbed driving

vector fed to the antennas.
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Experiment B: evolution of treatment efficacy. Treatment efficacy is defined as the ratio of
integral temperature in tumor to integral temperature in normal tissues.
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Table 2

Description of experimental conditions for the platform tests.
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Test # Prior knowledge
before the imaging

MRI thermal
imaging

Test object

Applicator
positioning

A Scaled SAR calcs

B Full thermal calcs

30 cm field size, 0.5 cm
slice thickness, 20 s scan

30 cm field size, 0.5 cm
slice thickness, 20 s scan

Cylindrical muscle
equivalent phantom

Cylindrical muscle
equivalent

phantom with tumor
volume

The applicator is shifted
90°

clockwise to test
convergence

The applicator is shifted
50°

clockwise to test
convergence
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