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The purpose of this paper is to develop and evaluate a self-tuning fuzzy logic controller for a
scanned focused ultrasound hyperthermia system with the reference tempefatudetérmined

from objective functions. This work employs simulation programs to develop the power deposition
for the scanned focused ultrasound system and to solve the responses of temperature profiles based
on the transient bioheat transfer equation. A fuzzy logic control algorithm is employed to determine
the output power level for the heating system and an observer for blood perfusion variation is used
to enhance the capability of the controller to adjust the required output power level for the treatment
due to the drastic change of the blood perfusion. The reference tempergtufer(the controller

is based on objective functions to tune its value during the heating process, while a control tem-
perature T;) from the thermosensors located in the tumor region is used as the input for the
controller. The objective function based on the entire temperature profile is used to evaluate the
appropriateness of the heating temperature distribution for a time-variational blood perfusion.
Simulation results demonstrate that the tumor region can be rapidly heated to the desired tempera-
ture level and maintained at that level despite blood perfusion variation. The resulting temperature
profile, the objective function, and the output power level are related to the magnitude of blood
perfusion, but are almost independent of Thelocation and the initial setting value @f, . The

fuzzy logic control algorithm withl', determined from objective functions can be used for control-
ling the entire temperature distribution through a single control temperature, and the combination of
control and optimization allows appropriate temperature fields to be created during the entire
heating process. The control algorithm does not require the accurate prior knowledge of the loca-
tions of the thermosensors and the appropriate setting valug fo© 1999 American Association

of Physicists in Medicind.S0094-240829)01805-2
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[. INTRODUCTION data indicate that with an adaptive hyperthermia array it may
be possible to maximize the applied electric field at a tumor

The goal of hyperthermia treatment is to calculate the com- " " . . T
position and simultaneously minimize the occurrences of hot

lete temperature field, to adjust power deposition param= .
P P ) b P P ots at the target position. Van Barenal® developed a

eters, and then to optimize the proposed thermal treatment dback | algorithm f | of
maximizing the therapeutic effects of the tumor temperaturdccdpack control algorithm for control of tumor temperature
during phased-array ultrasound hyperthermia treatments.

distribution while minimizing normal tissue damage and pa- ‘ .
tient stres<. To achieve this goal, several investigators have! €Y set different desired temperatures as the reference tem-

proposed and/or applied control systems to hyperthermiReratures for some thermosensors and the temperatures in-
treatments. For example, Fenn and Gératestigated a  duced by the specified power patterns are mutually decou-

Computer-contro”ed adaptive phased_array radio-frequencWEd. Based on a simplified State-space model for the bioheat

hyperthermia system for improved therapeutic tumor heattransfer equation and the least-squared error to evaluate the
ing. The steepest decent algorithm is applied to derive th&reatment, the tumor heating was controlled such that the

optimal power levels for several channels within the regionactual temperatures were as close as possible to the specified
of the tumor and neighboring normal tissues. The measuretémperatures. Potocki and Thansed the information from
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an optimization study for a scanned focused ultrasound syst. METHOD

tem t.o establish a schedule of deswal_ale scan patterns aspa | jirrasound power development

function of the estimated blood perfusion magnitude. They _
found the thermal performance of the resulting closed-loop Figure 1a) shows the geometry of an ultrasound heating
system is strongly influenced by the locations of the meaSyStem with a single scanning transdut&Rower is emitted
sured temperatures and the regulated power outputs. FinallffO™ the transducers arranged below the treatment volume.
Lin and co-worker&® employed an optimization scheme and ' "€ four scan parametefSilt angle, rotation angle, focal

a control algorithm to control a two-dimension@D) tem- depth, and scan radiufor the transducer that can be varied

perature field for a scanned focused ultrasound system tt,ﬁ? obtain an appropriate heating configuration are shown.
h

overcome the blood perfusion variation. When applying the e magnitude of ultrasound OUtPUt power can als'o_be var-
) : . ied. When the transducer scanning speed is sufficient, the
control algorithm to determined the magnitude of output

. ower deposition patterns could be considered symmetrical
power, they found that the locations and the target temperaP— position pat : y
o . about thez axis for tissues with homogeneous ultrasound
ture of control thermocouples had significant influence o

h i distributi d th nabsorption properties. To calculate the absorbed power dis-
the resulting temperature distribution and the output poWef.p, ion, first the power deposition pattern for a stationary

level due to the Gaussian shape of the ultrasound powgfansqucer was calculated and the programs developed by
deposition combined with the circular scan path. Moros’ and Lin" were used to tilt and rotate the stationary

The goal of the above control algorithms mainly focusedpower deposition through given angles. Next, the power field
on the control of the thermosensors’ temperatures t0 th@as translated away from the central scan axis a distance
given value$® or on the occurrences of hot spots in the equal to the scan circle radius to develop a power deposition
normal tissue while applying the maximum power in thepattern for a given scan radius. Finally a convolution integral
tumor? However, the thermal performance would beof the stationary pattern was used to obtain the average
strongly influenced by the locations of the measured tempower at each node to account for the scanning process. This
peratures and/or the given values for the controlprogram also converts the three-dimensional power field,
thermosensor:® The proposed control algorithm with a ref-
erence temperaturel() based on objective functions can
produce a temperature distribution which is able to optimize
the proposed thermal treatménduring the entire heating
process, while the heating result is not significantly influ-
enced by the control thermosensor locations or the giver
values of the reference temperatures.

The blood perfusion distribution is known to be one of the
most important factors that affects temperature distributions
in hyperthermia. A parametric study has been darel the
results show that appropriate temperature distributions cal
be obtained for a large range of spatial variations for blood
perfusion(1-10 kg m3s Yfor the normal tissue and 0-5
kgm3s! for the tumor tissue using optimization tech-
nigues. However, blood perfusion is also a time-variational
unknown during the hyperthermia treatment; it is important
to include some form of feedback control to compensate for
this factor. Hence, the objective of this work is to develop a
control algorithm to obtain the optimal temperature distribu-
tion within the heating region with constraint on the output
measured temperatures and containing blood perfusion the
is initially unknown and/or varies with time. A uniform per-
fusion for the tumor and normal tissue is assumed and at
optimization methoflis employed to search for the set of
scan parameters which can form a power deposition confor
mal to the tumor region. A self-tuning fuzzy logic controller S e S5t o i s
with the reference temperaturé&,| based on objective func- DEPTH (cm) DEPTH (cm)

tions is employed to tune the power level to meet the trea'[l_zle. 1. (a) The geometry of a scanned focused ultrasound heating system;

ment requirements. This fuzzy controller with this typeTof  (b) the normalized power deposition for the set of scan paramtiées
can overcome the blood perfusion variation and drive thengle ;) 40°, rotation angle ;) 90°, scan radiusRs) 1.0 cm, focal depth

heating temperature field to the optimal condition, which iSlO cm (the distance between the skin and the focal plarend the trans-

ind d he th | . h | ducer(radius of curvature 20 cm, diameter 10 cm, and frequency 1.0)MHz
independent of the thermosensor location of the contro tem('c) a 3 cmx3 cm cylindrical tumor located in the central region and the

perature T.) and the initial setting value of, . thermosensor locations are shown.
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Fic. 2. Conceptual block diagram of the self-tuning fuzzy logic controller
with an observer for the blood perfusion variation and the reference tem-
perature T,) as defined by Eq.5).

Observer for| kp * P
Perfusion
Variation

-0.4 -02

which is in Cartesian coordinates for the above tilting, rotat-Fic. 3. The input and output membership functions of the fuzzy sets for the

ing, and translating, into a 2D field in cylindrical coordi- self-tuning fuzzy logic controller. The fuzzy set NB means negative big;

nates. Details of the above procedures are given by in. ~ NM. negative medium; NS, negative small; ZE, zero; PS, positive small

. . . M, positive medium; and PB, positive big.

ultrasound transducer with a diameter of 10 cm, radius OF

curvature of 20 cm, and driving frequency of 1.0 MHz has

been chosen for this study. To obtain a simple but realistigiseqd as the target foF.. The initial value forT, is set

approximation of the power deposition, the ultrasound athetween 43 and 46 °C. The sampling time for all simulations

tenuation in tissue wa assumed to be an average of 10 NP/f§ 30 s. During the first five minute@en stepy the bang-

for all simulations, and the power generated from all parts ohang control action and a fixeB, are employed to give a

the transducer was assumed to be attenuated equally at egglt rise time by using the maximum permissible power
7,9 :

depth: whenT, is low?

B. Temperature solver 1. Design of self-tuning fuzzy logic controller

To solve for the temperature distribution, Penh®#’an-

. . . In this study, a self-tuning fuzzy logic controller that is
sient bioheat transfer equati¢BHTE) was used; y g y o9

sufficiently robust over the ultrasound heating process is
aT ) used*’*® The temperature differer(e) betweenT, and T,
PCE =—kVT+Wey(T—Ta) +Qp. @ as well as the derivativge) of the temperature difference, are
) . regarded as the input variables for the fuzzy logic controller,
We chose the thermal properties to approximate averaggghile the derivative(p) of the output powetp) for the con-

. — 3 . . .
for soft tissues'™* The thermal conductivity K) is 0.5  yller is taken as the output variable. The fuzzy logic rule
(Wm™t°C™1), the specific heat of bloodcf) is 3770 (J taken is

kg~ °C™1), and the arterial temperatur& ) is 37 °C. The L . o

density of absorbed ultrasonic powed ) was obtained ac- Ri: if eis Aj ande is B thenp is C;. (2
cording to the above power development. A blood perfusionrhe membership functions of fuzzy sets for the inputs and
(W) that keeps a constant value of space was used. The angatput are shown in Fig. 3, and Table | is used as the control
tomic properties were assumed to be constant throughout thgle base. This is a PI-liképroportional-integralfuzzy logic
entire field, and metabolism was neglected due to its smaliontroller.

contribution to the temperature chandé8.Thus, all cases To overcome the problem caused by variation of blood
had symmetrical, two-dimensional field,¢). The diameter perfusion more effectively during the treatment procéss,
and the thickness of the cylindrical volume of the simulatedy self-tuning mechanism is employed to observe the change
tissue were both 20 cm. The bc')undary condition for the fronbf blood perfusion and m0d|fy the outpu'g power level for the
end was a constant value, which was equal to the tempergzzy |ogic controller. The derivativeg)(T,) of the output
ture of the surface cooling water, and the other surface was go\yer and the control temperature together with the differ-
constant temperature 37 °C. The central axis was treated @ce(e) betweenT, and T, are regarded as the input vari-
adiabatic>'° because no energy transfer occurs in the radiapjes for the self-tuning mechanism. A scakg)(is taken as

direction at the center line due to the symmetry of both thepe output to more precisely adjust the output power level for
power distribution and the anatomical properties.

C. Self-tuning fuzzy logic control algorithm TaBLE |. The rule base for the fuzzy logic controller.

An overall control scheme is schematically shown in Fig. 6
2. A fuzzy logic controller with a blood perfusion variation  \ =

d ) NB NS ZE PS PB
observer is employed to determine the output power level for

the heating system, and the control temperatiirg or the NB NB NB NM NS ZE

controller is selected from the thermosensors located within NS ’\’]‘5 El\sﬂ ';; |Z:§ E'\SA
the tumor region. A time-varying reference temperatdrg ( NS 7E bs oM PB
which is based on objective functions associated with con- pg ZE PS PM PB PB

straints on temperature in the tumor and normal tissues, is
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Fic. 4. The input and output membership functions of the fuzzy sets for the @
self-tuning mechanism used as the blood perfusion variation observer. 5
the controller to meet the requirement of the dramatic blood 05 0 50 30 %0 50
perfusion variation. The self-tuning mechanism rule is de- ) '
fi TIME (min)
ined as
Rj Cif T(n— 1) is Aj and p(n_ 1) is Bj E;GS;SS. The temporal variation of blood perfusion during the heating pro-
and e(n—1) is C; then ky(n) is Dj, 3
where

: distribution defined here for the treatment region is a tem-
Te(n=1)=Te(n=1)=T¢(n—-2), and perature profile between 43 and 46 °C for the tumor, and a
p(n—1)=p(n—1)—p(n—2). maximum temperature for the normal tissue'lower thgn
) ) . 40 °C. Thus, the control algorithm chosen here is one which
The membership functions for the inputs and output areytempts to achieve this goal during the entire treatment pro-
shown in Fig. 4, and Table Il is the self-tuning mechanism_oqq by minimizing the following least-squared objective
rule base. function with a time-varying reference temperature:

2. Objective functions and reference temperature J(N)=[Jy(n)+Io(n)]/M, (4)

In order to achieve an optimal temperature field for thewhere
treatment region during the treatment process, a treatment
goal must begdefined. gubsequently, a I[sJuitabIe control algo- Ju(M)==[T(n) —46]°+ Z[T;(n) - 40]%,
rithm is employed to appropriately vary the output power jith T, ctumor and>46 °C,
level when the ultrasound heating system is arranged accord-
ing to the optimal scan parameters obtained from an optimi- T;enormal tissue and>40 °C,
zation algorithm. Conventionally, the treatment goal is to set )
an appropriate reference temperature for the control J2(n) =Z[T(n) —43]",
thermosensor$? and then use a control algorithm to tune the
output power level for the heating system based on the dif-
ference between the reference and the control temperaturashereJ(n) is the objective function based on the measured
The treatment goal given here is to heat the treatment regiotemperatures of the tumor and normal tissuggn) and
and maintain the temperature as close as possible to an ideBl(n) represent the subobjective functions for the tumor/
temperature distribution by minimizing an appropriate objec-normal tissue temperature higher than and the tumor tem-
tive function during the treatmehtThe ideal temperature perature lower than the requirements, respectividlyepre-

with T etumor and<43°C,

TasLE Il. The rule base for the self-tuning mechanism used as the variation observer for blood perfusion.

T, P e Kp T, P e Kp T, P e Kp

NS NS NS PS ZE NS NS PS PS NS NS ZE
NS NS ZE ZE ZE NS ZE ZE PS NS ZE NS

NS NS PS NS ZE NS PS NS PS NS PS PB
NS ZE NS PS ZE ZE NS PS PS ZE NS ZE
NS ZE ZE ZE ZE ZE ZE ZE PS ZE ZE ZE

NS ZE PS ZE ZE ZE PS ZE PS ZE PS NS
NS PS NS PB ZE PS NS PS PS PS NS PS
NS PS ZE PS ZE PS ZE ZE PS PS ZE ZE
NS PS PS ZE ZE PS PS ZE PS PS PS NS
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Fic. 6. Effect of the reference temperaturg ) on the temperature profiles and the objective functian.s the temperature profile for a fixed value of

T,=43 °C. The solid and the dashed curves are for the thermosensors located in the tumor and normal tissue regions, respectively; the horizontal line is for
the fixedT, ; and the solid curve with open symbols is fbr. (b) is the temperature profile foF, as defined by Eq5); the curves foiT, andT, are close

together during the heating process). is the response of the objective functions figras defined by Eq(5) or kept constant at 43, 44, 45, and 46 °C,
respectively; the bold curve is far, as defined by Eq5).

sents the total number of thermosensonsdenotes the tive function when a controller with thi$, is employed. In

heating time series, angj,k, are the indices for the ther- the following study,k, and k, are taken as 0.5 and 1.0,

mosensor locations. respectively, which can give a fast convergence speed and a
The objective functionJ(n) is based on the two subob- low value of the objective function close to the minimum

jective functionsJ;(n) andJ,(n), which are associated with (using optimization techniqués

constraints on temperature in the tumor and normal tissues

(hot/cold spc_)t}s To achieve a tre.atr'nenj[ tempgrature alwaysm_ RESULTS AND DISCUSSION

close to the ideal temperature distribution during the heating

process, a time-varying reference temperature formed by A cylindrical tumor with 3 cm for both diameter and

J,(n) and J,(n) with a proper weighting is used for the thickness is located at a 10 cm depth, and a uniform blood

controller to supply a temporally appropriate power level toperfusion was assumed for both tumor and normal tissue.

overcome the variation of blood perfusion, which is un-The scan parameters used are 40° for tilt angle, 90° for ro-

known in treatments, tation angle, 1.0 cm for scan radius, and 10 cm for the focal

depth. Two thermoprobesvith nine measurement locations

Tr(n+1)=Ti(n)+ kp{[JZ(n)]m_ ko[ J1(m) 1%, ®) totally) are arranged: one is along the axial axis for the scan-

whereT,(n) is the reference temperature for the control ther-ning transducer and the other is along the central axis of the

mosensor; antt,, ko denote the gain and the weighting of heating volume. Figures(li) and Xc) depict the control vol-

J.(n) andJ,(n), respectively. ume, the tumor region, the thermosensor locations, and the
The gain k) determines the convergence speed, whiletwo-dimensional ultrasound power deposition formed by this

the weighting ko) is related to the final value of the objec- set of scan parameters. The blood perfusion is assumed to be

Medical Physics, Vol. 26, No. 5, May 1999
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Fic. 7. Effect of the initial setting value of, on the temperature profiles and the objective functidas-(c) are the response @, and the temperature

profiles forT, initially set at 44, 45, and 46 °C, respectively; the solid and the dashed curves are for the thermosensors within the tumor and the normal tissue
regions, respectively; the solid curve with open symbols isTfar and the solid curve close B, is for T,. (d) is the response of the objective functions for

T, initially set at 44, 45, and 46 °C, respectively.

uniform within the treatment domain for tumor and normalinfluences ofT, and blood perfusion on the overall tempera-
tissue but varied temporally as shown in Fig-%5. ture field and to achieve a better temperature profile for the
The responses of the temperature profiles and the objeentire heating process, a modified, time-varyihgas de-
tive function are used to evaluate the performance of thdéined by Eq.(5) is employed. Figure ®) shows the re-
self-tuning fuzzy controller with regards to the location of sponses of the control temperatufE.), the reference tem-
the control temperaturel(), the setting value of the refer- perature T,), and the entire temperature profile whénas
ence temperaturel(), and the variation of blood perfusion. defined by Eq.(5) is used for the self-tuning fuzzy logic
Figure Ga) is the computer simulation result for the responsecontroller. Figure @) also illustrates thafl. follows T,
of the temperature profiles when a fixed valueTofat 43 °C  closely, and the measured tumor temperatures move to and
is used for the controller. Figure(® indicates that with a then maintain in the range of 43—46 °C during the heating
fixed T,, T. can reachT, within a short period of heating process. Figure(6), which shows the response of the objec-
time and be maintained within a reasonable range evetive functions for thisT, as well as fixedl', equal to 43, 44,
though the perfusion varies dramatically during the heatingl5, and 46 °C, respectively, indicates that the objective func-
process. However, the temperature profile shows that theon is varied withT, and heating time, and that the response
overall temperature field is influenced by the setting value ofor this T, is always in the lowest level except in the initial
T, and a higherT, results in a higher entire temperature stage where the objective function is mainly influenced by
profile. This relationship between the temperature profile andhe initial setting value off, . After the value ofT, is ad-
the fixed value off, reveals that the conventional controllers justed, the objective function falls to the lowest level. The
with a fixed T, result in temperature distributions which de- simulation results give evidence that the self-tuning fuzzy
pend on the value of, and cannot automatically meet the logic controller withT, as defined by Eq5) can drive the
requirements for the hyperthermia treatment. To reduce theverall temperature profile to the optimal condition during

Medical Physics, Vol. 26, No. 5, May 1999
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Fic. 8. Effect of theT, location on the reference temperatuig)( the temperature profiles, and the objective functian-(c) are the response af, and the
temperature profiles foF; located at thermosensors 1, 2, and 3, respectively; the solid and the dashed curves are for the thermosensors within the tumor and
the normal tissue regions, respectively; the solid curve with open symbols & foand the solid curve close B, is for T,. (d) is the response of the

objective functions fofT; set at thermosensors 1, 2, 3, and 4, respectively.

the entire treatment process instead of only maintaining befor thermosensors 1, 2, 3, and 4 takenTas shows that the
tweenT. andT,. objective functions for all four cases coincide with one an-
The influence of the initial setting value fdr, on the other and remain at the same level except for some minor
entire temperature profile during the heating process is alsdisturbances over the entire heating process. Both the tem-
studied. Figures (8)—7(c) are the simulation results for the perature profile and the objective function obviously demon-
responses of temperature profiles when an initial valud for strate that the treatment heating result is almost independent
at 44, 45, or 46 °C is used for the controller, respectively.of the T, location whenT, as defined by Eq5) is employed
Figure 1d) shows the objective functions for the initial value for the self-tuning fuzzy logic controller.
of T, set at 44, 45, and 46 °C. These figures demonstrate that To examine the effects of the blood perfusion andThe
the influence of the initial value of, on the temperature location on the objective function and the output power
profile only appears in the early part of the heating procesdevel, the scan paramete(lt angle, rotation angle, scan
These simulation results indicate that the system perforradius, and focal depthare maintained while the output
mance is not affected by initial setting ®f . power level is the only parameter to be tuned to achieve an
To examine the influence of thi, location onT, and the  appropriate temperature distribution. The blood perfusion is
entire temperature profile, the thermosensors 2, 3, and 4 areaintained constant for the entire volume at a value of 2, 5
individually taken asT, with T, set to 43 °C initially. Fig- or 10 kg m3s™%, and the measured temperature for ther-
ures §a)—8(c), which show the response of the temperaturemosensor 1, 2, 3, or 4 is taken Bgfor the self-tuning fuzzy
profiles and the temporal variations ©f and T, while T;is  logic controller. Figures @—9(d) present the simulation re-
set to the thermosensors 2, 3, and 4, respectively, reveal thatilts showing the responses of the objective functions. The
the entire temperature profiles for all three cases are vergbjective functions quickly come to the lowest level region
close. In addition]T. is able to trackT, closely in all cases. and then are maintained at specific values which are related
Figure 8d), which shows the response of objective functionsto the magnitude of the blood perfusion but independent of

Medical Physics, Vol. 26, No. 5, May 1999
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Fic. 9. Effect of the blood perfusion and tfie location on the objective
function and the output power levél)—(d) are the responses of the objec-
tive functions for different blood perfusions, whilk, is located at ther-
mosensors 1, 2, 3, and 4, respectively; the three cufve® the bottom to
the top in each plot are for blood perfusion equal to 2, 5, and 10 kg
m~3s71, respectively(e)—(g) are the responses of output power levels for
different T, locations, while the blood perfusion is 2, 5, and 10 kg3 %,

respectively.

the T, location. A higher perfusion produces a larger valuebut is independent of th&, location as long as the ther-
for the objective function. This finding obviously indicates mosensor ofT. is located in the tumor region and, is

that an appropriate temperature profile can be obtained artktermined by Eq(5). The effect of the blood perfusion on
the profile adheres to the magnitude of the blood perfusiothe temperature profile and the objective function can also be

Medical Physics, Vol. 26, No. 5, May 1999
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seen in Figs. 7 and 8. The temperature profile related to the'R. B. Roemer, “Thermal dosimetry,” ifThermal Dosimetry and Treat-
heating duration of 20—30 min is relatively more dispersed Ment Planningedited by M. Gautheri€Springer, Berlin, 1990 pp. 119—

due to a hlgher blood perfu3|o(r20 kg m?s 1)’ however, 2A. J. Fenn and A. K. Gerald, “Experimental investigation of an adaptive
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achieve a minimum objective function. Figureg)3-9(g), hyperthermia,” IEEE Trans. Biomed. EnGME-43, 273-280(1996.
which show the simulation results of the response of the 3P. VanBaren, E. Beck, E. S. Ebbini, and C. A. Cain, “Feedback control
output power levels for different blood perfusions, reveal of temperature during hyperthermia treatments with phased-array ultra-
- . . sound applicators,” Proceedings of the 17th Annual Conference of IEEE
that the output power approaCheS a spemﬁp Value.WhICh IS Eng. in Med. and Biol. and 21st Canadian Med. and Biol. Eng. Confer-
related to the magnitude of the blood perfusion but indepen- ence, Montreal, Canada, pp. 613-61895.
dent of theT, location (T, varied from thermosensor 134 4J. K. Potocki and H. S. Tharp, “Control strategy for hyperthermia,”
higher output power is required to overcome the energy car- Proceedings of the 2nd IEEE Conference on Control Application, Van-
ried away by a higher blood perfusion. A higher perfusion couver. Canada, Vol. 1, pp. 427-48I993. _ _
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