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Abstract

Hyperthermia, the heating of cancerous tumors camiprove the efficiency of cancer treatment
when added as an adjuvant to Radio therapy and Cheatherapy. Main goal of this work is to
design a periodic output feedback controller to coimol the power of ultrasound transducer so
that uniform temperature distribution is maintained in the targeted tissues all through the hy-
perthermia treatment process. For this purpose firsa tumor layer surrounded by muscle layer
is modeled using Penne’s bio heat transfer equaticand a higher order state space model to the
bio heat transfer problem is obtained by finite diference method. In second step an experimen-
tal proto type for the above model is created usinggar phantom which mimics the human tis-
sue. Temperature response of the simulated modeléempared with the experimental outcome
to demonstrate the validity of simulated model. Na a periodic output feedback controller is
designed for the simulated hyperthermia model. Th@erformance of the controller is evaluated
by framing a desired trajectory which meets the tratment goals of hyperthermia. Closed loop
error norm and the open loop error norm are evaluaed to prove the efficiency of the designed
controller. Simulations are also done to show theobustness of the controller in spite of varia-
tion in blood perfusion. Simulations proved that hyerthermia system is robust to blood perfu-
sion variation and the closed loop norm has improwe more than 40% compared to open loop
norm in certain perfusion cases.
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Introduction Formerly many researchers have developed automatic
temperature controllers for various hyperthermisteys

Cancer is a major hazard to human life. Hyperthenime  such as scanned focused & phased array ultrasound.
heating of cancerous tumors, can improve respaates r Many control ideas in the range of basic PID [3QR
when added as an adjuvant treatment to radiatiemaply. ~ controller [4], multipoint adaptive, more complexode!
Recent experiments on human subjects confirm that ipredictive [2], Constrained Predictive Control [8ini-
cervical cancer and recurrent lesions of maligmaaeta- mum- Time Thermal Dose Control [6] and even revarsi
noma the response rate is 53% and 28% for patiemss ~control procedure [7] were used to design the sysBue
received radiation only and the response rate has i to complexity of human body and finite differencedel-
proved to 83% and 46% respectively for patients whdng the full order models developed were too lafge-
received radiation in adjuvant with hyperthermize-R tocki and Tharp [8], Mattingly and Romer [1] and Ma
oxygenation of the hypoxic tumor regions occur died  shal et. al [9] reduced the order of the hyperthi@rsys-
come radiosensitive, when tumor temperature i®daie  tem and designed controllers. But none of thegthesi
40°C - 44C for 30-60 min .The prime goal of an online controllers relay on reduced models for designimigtiol-
hyperthermia controller is to maintain desired teragure  ler for higher order system, Lamba and Rao [10j&tb

of 43C within the tumor while limiting temperatures out- that if a state feedback control is designed frbenDavi-

side the tumor to safe levels of < 4D from a baseline son [11] reduced model and applied to the highderor
body temperature of 8C [1].This goal must be met un- System it results in stable closed loop systenthigtne-

der the influence of variable blood perfusionst thad to ~ cessitates the system state to be available fdbéesk.

plant model mismatch [2]. Several control algorithm

have been suggested for this purpose. In hyperthermia, it is essential to retain a honmageis

temperature in the tissue and tumor. If the digtidn of
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temperatures within the tumor shows consideraldpedt
sion about it mean value, treatment failures andpdica-
tions are liable to occur i.e cold spots never heihera-
peutic temperatures and so are not treated. Siynitat
spots lead to complications such as unbearable gain
ulceration of the overlying skin. So to have unifiolem-
perature distribution it is sensible to measuretémepera-
ture at each node. As in hyperthermia all systertestare
not accessible for feedback it insists the needeftima-

tor design, this makes the system complex and esduc

system reliability. Hence, it is rather attractteego for an
output feedback design. The output feedback neelys o
the measurement of system output in contrast,dctite
feedback which requires the knowledge of the states
state estimator. In such a situation it is betbeuge peri-
odic output feedback technique which requires texl{
back of the output temperature signal only. Congjoarito
other techniques periodic output feedback is muoh s
pler. The control signal is kept constant over fewas-
urements and altered periodically.

Although the existing controllers are capable dis§ang
the basic needs of on line hyperthermia system ¢lagsn
for the need of estimator and the reduced ordeiraiger
does not guarantee the closed loop stability ferhigher
order system. So in the proposed method an ougat- f
back controller is designed for higher order disei®ys-
tem via reduced order model. The benefits of théhawke
are two folds, first the states of the system neetdbe
estimated and secondly when the controller is pldne
the closed loop with the higher order it guarantdes
closed loop stability. This study is a first effaawards
including an output feedback controller for hyperthia
system.

Materials

Tumor & Ultrasonic Field Modeling

A simple 1-D inhomogeneous tissue is modeled asnart
layer surrounded by muscle layer on either sidie abig-
ure 1

[

0.03m 0.03m

Muscle Tumaor Muscle 043m

—

Figure 1.0ne dimensional inhomogeneous tissue model

The bio heat transfer equation presents usefuliqireals
to estimate the temperature distribution in hypsrttia

.The thermal response of tissue is modeled usieg th

Penne’s bio heat transfer equation [12].

oT

peS-= O0.(kOT) -W,C,(T -T.) +Q, ()
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Arterial temperaturd, is assumed to be R4 andQ; is
the power deposited in the ultrasonically heatedut.
The heterogeneous tissue with tumor modeled inusD
ing Penne’s bio heat equation contains conductifetts,
geometrical information on normal and diseasesliés
The parameter YWcharacterizes the energy eliminated by
conduction in the plane at right angles to theastiund
axis.Table-1 summarize the thermal properties ohdmu
tissue.

Thermal conductivity is assumed to be constant’ &nid

the depth of penetration inside the tissue. Inroadelx
varies from O to 13 cm and the boundary conditiom a
assumed to bd (0, t)= TaandT (L, t) = Ta This is due

to thermoregulation effect. In this paper we assamnse-
gle scanned focused ultrasound transducer withd fixe
characteristics .The power deposition t&pgis modelled
as the energy deposited by scanned focused ultrdsou
transducer and given

Q(x)=2a (O)L - nd;j;f_ X)Hze_ms 2

WhereQ; (x), a;, andS are energy deposition, attenuation

co-efficient and penetration length for layer The trans-
ducer is positioned 17cm from the front edge oftibsue
with r=25cm,d=70mm, A =1mm. Wherd(0) is the aver-
age intensity over the radiating surfadéis the diameter
of the transduce'r’ is the radius of curvature ard is
the distance from the centre of the transducer

State Space Formulation
The numerical method finite difference is usedsolving
the partial difference equation of bio heat transfe

C Al :L[T. 2T 4T WG T -T) + Q)
ot (&%)° i+1j i T lica i la 1]

Assume'l'i’j —Ta='l'i’j

3)
is the elevated temperature, where

T, ; represents the temperature in the tissue gnarte-

rial temperature.
oT,; _ k ek,
ot (A2 M | (Ax)?

K 4)
WG, [T+ T @, |

The tissue model is split into 131 finite differencodes
.The temperature distribution in each node is known
based on equation (4) and power deposition in aade

is given according to equation (2).

The system matrix A is a higher order tri-diagometrix
with non zero elements only on its main diagonal ap-
k

per and lower diagonals. =— and
6, (BX)°?
[, = 2k W, symbolizes the tri-diagonal elements
ped)? P
687
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2k W,

of normal tissue an@l -_ K and S, =
£C, % 0K p

signify the tri-diagonal elements of tumor tiss@spec-

tively. Here gand ¢ are tumor tissue specific heat capac-

ity and normal tissue specific heat capacity respely DAS [
- Nata outpL
. . Q > Agar phantom
2 1
norom Q, L p\Water
E Q (5) Thermocouple array
1] .
S S S B=— — 3
A=
s S, S X RF amp. |4 Fun.Gen.
nnn ) . .
ror Q Figure 2. Temperature measurement in |I-D Agar Phan-
L 1 "2li3m31 L~<131l135a tom
Methods

The value Q in the input matrix B represents thatiap  control Objective and Constraints
power deposition at each finite difference nodéie dut-  For modeling and simulation purpose the desired- tem
put matrix C of the model is represented by thation  perature was fixed to 4@ within the tumor while limit-
of the sensor. ing the temperature outside the tumor to safe $ewél
less than 4@ .The objective of the control algorithm is
WhereA is a tri diagonal system matrix incorporatingto track the step variations of the power inputheit
both conduction and perfusion terms and B is thmitin overshoot, with a rise time varying between 6 nmd a2
matrix. For 1-D case the state T is a vector ofpiera- Min (6 min << 12 min) and to have a maximum settling
tures elevation in the nodes of the tissue moddlldns time of 12 min. In addition to the above the coaistron
I(0) a single manipulated variable. The position af th the control signal is limited t&Jya. Usually the maxi-
ultrasound transducers is fixed and the magnitudgne® mum allowed power deposition is determined by hard-
ultrasound power is the only manipulated variable. ware constraints or to avoid cavitations in tis§@gs

Periodic Output Feedback Control Technique

In periodic output feedback technique the input is
changed several times in one output sampling ihstdre
poles of a controllable and observable system elized

at output sampling rate can be arbitrarily assighgda

Experimental Prototype

An experimental set up similar to that used by Aret.al
[13] was used for model validation and control expe
ments and is shown in Figure-2. An 1-D cylindrieglar

phantom of length 13 cm and diameter of 1.27 cm wagjoco\ise constant periodic output feedback pravithe

considered. Condensed milk was added to mimic the u_ | har of gain changes during one output sampliag |
trasound absorption properties of human tissue. [} .\ -, [15,16,17].

trasound field was generated by single focusedsduind

transducer resonating at a frequency of 2 MHz.fBld&ls  The system after sampling iy secs

of curvature and diameter of the transducer aren2aed x(k +1) = d_x(K) + [ u(k)

7cm respectively. The agar phantom and the ultragou y(k) = C-x(k

transducer are immersed in a bath of degassed water

simulate the cooling effect of blood and to avdid dis-

turbance caused by air bubbles. The RF signal gester T )

by a RF signal source and RF amplifier were usetite with controllability index)y. Now the output sampling

the transducer. interval is divided into N subintervals of lengtt+I'/N
such thak > . Thus the control law for POF controller is

The temperature in the agar phantom was measured bygiven as

manganin-constantan thermocouple fixed on it. Theseyy) =k y(kr),

thermocouples give an accuracy of + 8in tempera- 7)

ture measurement over the range ol@565'C, thereby forl= 0 1 N-1

eliminating the errors caused by conduction. Sigmua- =_ K T T

ditioning circuits and A/D cards are used to acg@nd The sequence of N gaing, «, ... K,, 9enerate a

monitor the temperature. time varying piecewise constant output feedbackgai

(6)

Assume (o.,C) is observable ande_,r)controllable

kr+IA<t<kr+IA, k

1+N
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K(t) for 0<t < 7.Sampling the simulated system by theDesired Trajectory - _ .
sampling intervalA, the delta sampled system is repre-A function which gives the desired trajectory femipera-

sented a ture evaluation at each point in tumor and in ndrma
healthy tissues is framed from the control objectiv the
x(k +1) = dx(K) + T u(k) treatment protocol. For each perfusion case thiomer
(8) ance analysis is done by calculating the error ndrne

y(kt) = Cx(kt) error norm is calculated as the 2-norm of the diffiee

between the desired trajectory and the achievegubut

Define k=[x, K, ... Kl trajectories.
k
oy o 1Ok =y vu0] (12)
u(kr) = Ky(kr) = . Y des— Desired trajectory. y, achieved output trajec-

’ tory; e(t)- Error between the two temperature response.
ukr +7-A4)

A stabilizing output injection gain & designed such that Result and Discussions

. EAAINGS L
the Elge.n v.alues Qo +GC ) lie inside the u.nlt circle. System Simulation & Model Validation
The periodic output gaiK is calculated solving

I'K=Go (10) Temperature predictions from the simulated model ar
validated with the measured temperature from time- te
Where  =[o"r o2 ... ). perature measured by the manganin-constantan thermo

couple and is shown in Figure -3. A step increasdtra-
The closed loop dynamic of the system with POF gain  sound power of 7 watts was applied prior to thattrent

can be given as session. To validate the simulated model with expen-
tal reading the temperature is measured at a sgpgital
X(KT +71) = (®" +TK C)x(kT) 11) location at a distance of 2cm from the edge ofpthan-

tom by fixing a thermocouple. Total of 200 temperat
data samples are recorded with the sampling tim& of
secs. The time temperature response 4tr@@le from the
simulated mathematical model is also drawn and both
were compared. Figure 3 shows the comparison leetwe
the experimental output and simulated output. Shisws

an accurate steady state prediction and theresisall
error in the time constant of the response. Thearedor
this error is the Bio-heat transfer equation usadsfmu-
lating the model is 1-D where as the agar phantsed us

of diameter 1.25, the heat conduction in lateradation
would have contributed for the plant model mismatch
created the error.

The POF controller obtained by this method requirdg
constant gains and hence easy to implement. A altartr
designed as above will give desired closed loombieh,
but strong oscillations exists between samplindaimts
.Werner proposed a performance index suchtkat G
and 'K =G gneed not be imposed[18]. This constraint is
replaced by a penalty function, which makes it fimdsgo
enhance the closed loop performance, by permisiigt
variation from the original design and at the same
improving the inter sample behavior. A tradeoffvietn
the closed loop performance and the similarityhi ¢ho-
sen design is expressed by the quadratic perfornimc

dex as stated below is minimized
POF controller design for varying blood perfusion
& . o v o (12) Space discretization of the model gives rise to 18des
I(k) —;[X Q% + Yy Ry] +IZ:;(>9N %) Pl =) including the boundary nodes. During hyperthernhet

perfusion is the major variable that leads to patem

The state and input of the system are charactesised variation. Perfusion cc_)ndltlons applied in 5|deat|ar(_e
given as tumor perfusion Yand normal tissue perfusion

u, respectively. x,ﬂ represents the state that would beWN_ The typical values Wand W, used in hyperthermia
reached at the instakeIN, given X, _y if k is solved to ~ system modeling ranges from a lower extreme of 0.5
kg/m®sec to a higher extreme of 10 kdéec[20] . Four
cases are considered with different combination§\Vef
and W in this range, also simulations are also carrigd o
by varying thermocouple locations. The open loapeti
temperature response is obtained by heating tlseietis
tumor model with constant applied power for 60min.
Since it is a temperature process'is chosen to be
12secs. The original system is of 131 x131 ordensce

satisfy rk =Gexactly. Q, R and P are positive definite
symmetric matrices of appropriate dimensions. Titet f
term represents the state and the control energheof
system and second term represents the penaltyhéor t
deviation of the output injection gain from exactlue
‘Go’. The POF gain calculated thus have very lowgma
tude and is represented by[K9].
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the system is too large for controller design thepot
feedback controller design for the original sysisrdone

via a reduced model of order 4. The number of gain

changes in one sampling interval is fixed adN = 4. So
A=T/N= 3ecs.
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Figure 4. Temperature response for the perfusion case-i
(W4=0.5 kg/(nisec) and W =0.5 kg/(misec). with Thermo-
couple at normal tissue location (a) open loop afuked
loop response with state feedback and desiredctaje (b)
Closed loop response with Periodic Output Feedli2aRk-
troller and desired trajectory (c) Control inpus @ function

of time

Figure 3. Comparison of measured temperature at 2cm

in agar phantom and predicted model at"2®de

Temperature response for normal tissue location and
tumor tissue location

The response of the system in case-1 is showiging=4,
The open loop step response, the closed loop respeith

output injection gain & the desired trajectory that meets the

primary goal of hyperthermia are shown in Figur@}dthe
closed loop performance of POF controller afteinogt-
tion procedure is in Figure-4(b) and the magnitafiehe
control effort needed to achieve this responsénis-igure
4(c).The system dynamics without controller is setisfac-
tory and it does not meet the requirements of tigpamia
cancer treatments. The rate of temperature riserig fast
and this may lead to patient discomfort and pamusa-
tion. The prolonged settling time may cause hotspad
cold spots inside the tumor leading to decreaskeit-
ment efficiency .This necessitates the need foordrol-
ler .The closed loop response with POF controllesely
fallow the desired trajectory This will reduce theror
norms of the closed loop system. The closed loep r
sponse with POF controller satisfies the requirdme
standard hyperthermia. Although the simulationsdame

Table 1. Thermal properties of human tissue.

Parameters with units Muscle Tumor
Thermal conductivity (K) 0.64 0.57
W/(mC®)

Density p) kg/ n? 1000 1000
Specific heat capacity(C,L 3500 4000
J(KC)]

Attenuation co-efficient 18.5 20.5

(a)(N/m)
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Figure5. Temperature response for the perfusion case-i
(W=0.5 kg/(nfsec) and W =0.5 kg/(nisec). with Ther-
mocouple at tumor tissue location (a) openloop elod-
edloop response with state feedback and desirgdctra
tory (b) Closed loop response with Periodic Outipeéed-
back Controller and desired trajectory (c) Continput

e ; i
as a function of time

for 60mins the time axis is limited to 1000secsshow
the effectiveness of the controller. Simulations done

for cases 2, 3 and 4 also but response is shownfonl
case-1.

The control structure can be varied by changingthiee-
mocouple location. Now the thermocouple location is
changed to X=50 i.e. in tumor tissue. Accordingthie
goals of hyperthermia temperature with in tumosues
should be>43°C. Figure-5 shows the response for case-|
with thermocouple location at X=50.

Biomed Res- India 2015 Volume 26 Issue 4
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Table 2 shows that the inclusion of piecewise s

controller saturation. For smaller perfusion rates sys-

periodic output feedback controller makes the syste tem settling time is longer. As the blood perfusia-

closed loop stable and also the norm of the erebwéen
the desired and the achieved trajectories for fesdoop

creases, it takes more heat away from the tissods a
more control effort is needed to maintain a stetsy-

and the closed loop system. The shapes of theethie perature. The output feedback controller effecyivat-
trajectories show maximum consistency and the ealcyusts the power level of the ultrasound transdaoeord-

lated error norms do not show significant deviatidhe
closed loop error norm is much less than the opep |

error norm indicating the performance of the design

controller. Since the power deposition is moreha tu-

mor region variation in tumor perfusion {\Weads to a
larger effect on the temperature field. To overcaime
slow dynamics of the system higher control effats

needed at the beginning. For a given power inpoitedse
in blood perfusion causes an increase in systemeean
ture. Table 3 shows the norm of error between #dsered
and achieved trajectories for varying blood pedunsin

tumor tissue.

Table 2. Openloop and closed loop error norms with
POF Controller for varying blood perfusion and the

thermocouple located at normal tissue

Blood Perfusion Open loop Closedloop
[kg/(m®s)] norm norm POF

Case—1 wr0.5, w=0.5 50.2523 10. 585
Case -2 w0.5, w=10 450.9841 12.5372
Case -3 w10, w=0.5 307.3105 12.2076
Case-4 w10, w=10 40.6365 11.2276

Table 3. Open loop and closed loop error norms with

POF Controller for varying blood perfusion anldet
thermocouple located at tumor tissue

Blood Perfusion Open loop Closedloop
[kg/(m’s)] norm norm POF

Case—1 w=0.5 w=0.5 50.2523 10. 585
Case—2 w=0.5 w=10 450.9841 12.5372
Case -3 w10, w=0.5 307.3105 12.2076
Case-4 w10, w=10 40.6365 11.2276

Conclusion

Model validation results prove that the simulateatel is

ing to the blood perfusion and other dynamic tigstop-
erties to achieve controlled effective ultrasoungér-
thermia. The results demonstrate that the periodiput
feedback controllers are able to effectively trok target
temperature with dynamic tissue properties. Aclnigvi
the desired trajectory leads to treatment precifibabnd
this gives clinical acceptance to hyperthermia.
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