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Interest in locaiized _curre~t field (LCF) hyperthennia tumor therapy is rapidly increasing. As 
yet, however, t.here ts no mtegral LCF system commercially available. An experimental LCF 
system may b~ readily as~em~led . from dis~rete, general purpose components, except for the 
tumor temperature regulatmg circmtry. In this article we present an LCF system designed around 
general purpose _com~onents and a simple circuit for temperature regulation. Comments on 
system safety, cahbratton, and performance are also included. . · · . 
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I. INTRODUCTION 
-

The recent interest in hyperthermic tumor therapy has 
prompted the development and adaptation of several devices 
for heating tumors. Among them is a revival of the "con
ven~ional diathermy" principle in the localized current field 
(LCF) system proposed by Doss.and McCabe.5 Some of the 
desirable attributes of LCF hyperthermia include continuous 
temperature measurement, system simplicity, portability,6 

and low cost. In addition, LCF hyperthermia may be used 
to localize heating to volumes varying from a few mm3 to 
hundreds of cm3 .. 
. The principle of LCF heating is to conduct a radio fre-

. quency electric current, typically in the range I 00 kHz- I 
MHz, through a treatment volume between two or more 
electrodes. These electrodes Thay be either implanted, ex
ternal, or combinations thereof. Implanted electrodes are 
generally metal needles. We are currently experimenting with 
endocurietherapy template (afterloading Ir192) needles as 
electrodes for combined therapy. Externallyapplied elec
tr~des may be metal plates or wire mesh coupled to the skin 
with a conductive gel. We have found, for instance, that 
anatm~ic?lly contoured electrodes can be fabricated by 
sandwtchmg copper screen between two layers of LIGHT
CAST H fiberglass molding mesh. · 

Localized heating results from electric current conduction 
through the tissue, with the magnitude of heating at any lo-. 
ca~ion being a fu!lctio_n of the local currentdensity and tissue 
re~isti~ity. Discussions of the heaii~fand temperature dis-· 
tnbuhons produced by the LCF technique may be found in 
references. •-5•7•9 Tissue temperature is corytrolled by feedback 
from an implanted thermistor probe. 

II. LCF TEMPERATURE CONTROL 

from discrete, general purpose components, except for the 
temperature regulating mechanism. Localized current field 
temperature regulation requires feedback from a thermistor 
probe implanted iri or near the tumor, and within the treat-•. 
ment volume. Small, flexible, piastic-encased thermistor 
probes are desirable as they are most resistant to interference "· · 
_from the electric current field. H)•podermic style metlll · 
thermistor probes may be employed if used carefully.1,4.~ 

Though temperature reguiating equipment utilizing 
therrriisto.r probe feedback is now common, 1t is generally of 
the on/off relay variety or for 60 Hz ac power control. Our . 
experience with temperature control using relays indicates 

1 

that it works well if the temperature variatioris are rapid and 
the cycling time is long. We have observed that rapid cycling 
of the relays produces an occasional muscle twitch in test 
animals (possibly due to a low frequency transient produced 
by relay bounce) which can be.eliminated by a I 00 kHz high 
pass filter. ; , ·. ;· •.': .. 

Considering the therma_lly dynamic environments.often 
encountered in hyperthermia treatment, and the fine tem
perature regulation or a few hundredths of a degree desirable4 

(though rarely obtainable) in experiments and treatment, we 
believe that a continuous, power-modulating temperature 
control is highly desirable. Such a control reduces the rf 
power as the tumor temperature approaches the desired 
treatment temperature, arid is rarely completely on or off. 
In the system configuration-illustrated in Fig. I, a variable 
attemiator; placed betwe~n the:rf generator and the power 
amplifier and controlled. by ~e~perature feedback, acts as· 
a power modulating control..·-~':· 

j / . 1. ::;-· • \ 

Ill. VARIABLE ATTENUATOR DESIGN ;1 l . . . 

An experimental power modulating circuit is illustrated 
in Fig. 2. The circuit logic ~or~s as follows: a voltage ( V,) 

i I 
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FIG. I. Diagram of an experimentaf.localizecl current field hyperthermia 
therapy system utilizing discrete components. The LAC/USC system in-

-corporates a Heathkit IG-1273 function generator, an Electronic Navigation 
· Industries (ENI) 240L 150 W power amplifier, the Soltec 4202 chart re- · 
corder, B+K (Dynascan) 1476 oscilloscope,and a Yellow Springs Instru
ment (YSI) 43-TF telethermometer-. We recommend YSl-511 implantable 
thermisto·r probes. Though these-probes require a conversion chart when 
used with the 43-TF telethermometer, they may be used directly with the 
YS!-41TF by special orcler, or with the 43-TF by "on site" recalibration. 

. - . 
proportional to the tumor temperature (Ti), such as that 
available at the chart recorder output of the telethermometer, 
and an artificially generated voltage ( Vrcr) representing a 
reference temperature (Trer) are applied to the inputs of an 
operational amplifier (op amp IC3). Op amps IC 1, IC2, and 
IC4 act as high input resistance voltage followers to isolate 
the attenuator from the telethermometer and the status 
display light emitting diode (tricolor LEI)). The voltage 
difference between Vi and Vref is amplified by lC3. The 
amplification factor is a function of the feedback resistor 
chosen by the switch SW l. The amplified voltage difference 
is used to bias the gate of a field effect transistor (FET). In 
this configuration, the FET behaves as a voltage variable 
resistor (VVR).8 The relationship'between gate voltage and 
drain-source resistance is roughly linear over a range of 
several volts, and the resistance generally varies from about 
a hundred ohms to near infinity for practical purposes. Due 
to the low input impedance of the EN I power amp (50 Q), 
a single FET-VVR can vary the amplifier's input power over 
a wide range. _ -

When the tumor temperature is below the reference, Vi 
is greater than Vref, and the output of IC3 is a-positive volt
age. This voltage is blocked from the FET by diode D l to 
prevent forward bias of the ·gate and possible harm to the 
device. The output voltage of IC3 is also duplicated at the 
output of voltage follower IC4 to drive the green LED (the 
below reference indicator). When Ti == Tref the output of 1~3 
is O V (and the indicator LED is unlit). Under the above two 
temperature conditions, the FET gate is held near ground, 
and the FET behaves as a hundred ohm resistor to the rf 
signal. This permits maximum heating power until the tumor 
temperature begins to exceed the reference temperature. As 
T1 rises above Tref due to the LCF heating, Vi drops below 
Vref (due to the negative temperature coefficient (NTC) of 
the thermistor probe) and the output of IC3 becomes a neg
ative voltage. This voltage is duplicated at the outpu_t of IC4 
to drive the red LED (above reference indicator). The neg
ative voltage at the output of IC3 reverse biases the FET gate 
and begins to "pinch off' the conductive channel between the 
FET drain (D) and source (S). As the gate voltage becomes 
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more negative, the OS ohmic resistance increases until the 
voltage reaches the pinch off voltage of the particular device. 
This is typically about -4 V for an n-channel FET such as 
the 2N3685. At this point, the DS resistance is practically 
infinite, and thus the power ~mplifier input is held near 
ground. · 

_ By adjusting the gain of I_C3 such that the output varies 
- from zero to the supply voltage ( ~ 12 V) as T1-Trer varies -

from Oto about 0.2°C, and then adjusting potentiometer P2 
for Vp at the FET gate when the output of IC3 == supply 
voltage, an effective power modulating control can be pro
duced. The major limitation on the circuit is that the VVR 
characteristics of FET's are often limited to rf signal levels 
of less than a volt (peak to peak). This requires that the 
modulator circuit precede any power amplification stages of 
the LCF system, and that the output of the RF function
generator be kept at less than 0.5 V pp. For absolute maxi
mum drive of the power amplifier.a preamp of 10 kQ or less 
input impedance may be necessary between the attenuator 
and the power amplifier. It is our experience that in cases 
where maximal amplifier output is required, a simple on/off 
relay control is generally sufficient since cycling time is bound 
to be slow. 

IV. ATTENUATOR PERFORMANCE 

As the temperature control circuit behaves only as a 
variable attenuator, the tissue-heating rate is limited by 
manually setting the function-generator output. As a safety 
precaution, however, once the desired treatment temperature 
is achieved, the gener~tor output should be reduced to a level 
slightly greater than that necessary to maintain temperature. 
Regardless, when the reference temperature is reached, the 
attenuator will adjust and then modulate the power amplifier 
input to produce a heating rate equal to the cooling rate at 
the thermistor site. This should also hold most other tem
peratures in the treatment field fixed to their relative values 
as well. Temperature regulation in small tumors with rela
tively homogeneous blood flow ·and other heat transfer 
characteristics is typically about ±0.01 °C. 

In general, temperature regulation will d~pend on the 
power limit allowed the modulator by the function generator, 
the feedback sensitivity (gain of IC3), the time constant of 
the thermistor probe, and the_ location of the thermistor probe 
relative to the electrodes. S9me preliminary animal experi
mentation is perhaps the best way to gain a feeling for the 
interaction of these factors. 

V. LCF SYSTEM SAFETY PRECAUTIONS 

Many of the risks associated with LCF hyperthermia 
equipment are the same as those associated with electro
surgery. The experimental LCF system illustrated is a 
grounded (or "earthed") output system. This means that one 
or more electrodes, and thus the patient, are earth grounded. 
As a result, alternative RF current paths become possible, 
especially if other electronic equipment is simultaneously 
connected to the patient. Any 60 Hz leakage currents caused 
by failure of the LCF system or other mains-operated elec-
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FIG. 2. Diagram of a prototype LCF temperature regulating circuit. 
Treatment temperature is chosen by setting PI to produce the desired V,,r 
at the inverting input of IC3. The control sensitivity is selected by switch 
SW I, and the temperature status is indicated by the color of the tricolor 
LED. The component values have been chosen to match a YSI-43TF 
telethermometer and an ENl-240L power amplifier (input impedance of 
50 !l). The radio frequency input should be limited to voltage levels of less 
than 0.5 V pp. Adual 12 V power supply such as the CAL EX 2.12.200 is 
required, 

tronic equipment connected to the patient could produce 
ventricular fibrillation. 

The problem of electrical interference with other medical 
electronic equipment connected Lo the patient, or in close 
proximity to the power amplifier or electrodes, must also be 
considered. There is also the possibility that sparks produced 
by power switches or electrode shorts could ignite explosive 
anaesthetic, intestinal, and bladder gases. Accidental burns 
due to pressure points, improper electrode design and/or 
unexpected current paths must also be anticipated. An ex
cellent review of safety precautions for this type of equipment 
by Uylings and Himbergen 10 should be read by anyone 
considering use of an LCF system. 

Assuming normal equipment operation, the major risk of 
LCF hyperthermia is overheating (and possible burning) due 

·· to dislodgement of thermistor probes, broken probes, or faulty 
probes. It is important that all probes be properly c2.librated 
to the telethermometer being used, and be checked for proper 
operation prior to each use. Cetas and Conno~4 -discuss 
thermistor calibration in detail. 

In clinic.al applications, a secondary temperature control 
set to a slightly higher reference than the primary control (as 
suggested by Doss and McCabe,5) is a good idea. This control 
would be placed in series with the attenuator and the power 
amplifier. A relay type control is ideal for this application. 
The circuit logic should require that the relay be powered 
when the secondary temperature is below reference. In this 
way, a power supply or feedback amplifier failure would cut 
off the RF power. The secondary control could operate from 
the same, or preferably a different, thermistor-probe than the 
primary control. The circuit of Fig. 2 can be adapted for relay 
operation by reversing diode DI and replacing the FET by 
a low current or reed relay. If a double pole relay is used, the 
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· second pole could be used to activate various alarm and s_afcty. 
devices. · 

Perhaps the best safeguard in human use is to avoid 
anaesthetics, and thus allow the patients to monitor their 
body for spurious heating and other undesirable artifacts. 

VI.· DISCUSSION 

We have tested this design in both animal studies and. 
patient treatment with excellent results. Typical temperature 
regulation in rat tumors is about ±0.01 °C and about 
±0.05°C in patients and large animals (patient movement 
disrupts the ideal steady state environment of the thermisto 
probes). An interesting side effect of this form of regulation 
(as opposed to relays or duty cycle regulation) may be o 
served by placing an AM radio near the LCF system and 
tuning the radio to the same frequency as the function gen
erator. The amplitude modulation of the rf power produced 
by the thermistor feedback can be heard on the radio as a 
change in volume and/or tone. We have been able to asso
ciate breathing, heartbeat, stray air currents, and other 
phenomena with the audible effects produced during ex
periments in rats. The low frequency modulation of the r 
power can be observed on the oscilloscope and used to adjust 
the feedback sensitivity, generator output, and probe location 
for optimal results. Other applications of the modulat_ion d_ataj 
might be to determine blood flow rate and other phys1olog1cal 
conditions using the thermistor probes. 

The performance of the LCF hyperthermia system is 
further enhanced by the use of electrode sequencing an~l 
muitiple electrode arrays. We are currently studying the 
interaction of electrode sequencing with temperature regu-. 
lation and thermal distributions in phantoms, animals, and 
patients. We will discuss the design of electrode sequencing 
systems in a future article. 

1M. A: Astrahan (M.A. Thesis, UCLA, 1978). 
2M. A. Astrahan and A. Norman, Proc. 2nd RTOG Hyperthermia Group 

Meeting (1977). 
3M. A. Astrahan et al., Proc. 3rd RTOG Hyperthermia Group Meeting 

( I 978). 
4T. C. Cetas and W. G. Connor, Med. Phys. 5, 79 ( 1978). 
5 J. D. Doss and C. W. McCabe, Med. Instrum. 10, 16 ( 1976 ). 
6J. D. Doss, "Electrothermal Treatment of Cancer Eye," L.A,S.L. Mini· 

Review 77-14 (1977). 
7R. L Hutson, Med. Phys. 3, 256 ( 1976). 
8J. Millman and C. C. Halkias, Integrated Electronics (McGraw-Hill, Ne\{. 
'York, 1972), pp. 310-341. 

9R. Strang, "Temperature Distribution in Localized Current Field Hy· 
perthennia-A Theoretica_l Model,"_in <;oncer Therapy by Hyperthermia 
and Radiatiqn (Urban & Schwarzenberg, Baltimore, 1978). 

10J. H. M. Uylings and A. Van. liimbergen, Medicamundi 23, I 16 
(1978). /, 

-_ ·j_- . ;, .... 
\ 

1':'. 


