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A Comparison of -_the Annular Phased Array to Helicy]
Coil Applicators for Limb and Torso Hyperthermia
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Abstract—The BSD annular phased array (APA) and miniature an-
nular phased array (MAPA) have been compared to helical cofl appli-
cators designed for the trunk and thigh, respectively. All four appli-
cators were tested using both cylindrical saline phantoms and a
phantom-filled mannequin. Patterns of deposition were determined
using both an implantable electric field probe and local values of the
rate of temperature increase. Scattered Relds were measured when the
APA and trunk helix were used with the phantom-filled mannequin,

Depogition with the trunk helix was mainly superficial and highly
heterogeneous, showing the effect of proximity of the individual turns,
Deeper heating observed with the thigh helix is attributed to its greater
ratio of length to diameter (L/D = 1.57 compared to the trunk helix
with L/D = 1.0). Strong fields were measured exiernal to the helical
coil applicators, and tests with the mannequin suggest that the genitals
could be injured if a helix was used to treat the thigh. By contrast, the
BSD APA and MAPA produced deep heating and did not have strong
fields external to the applicators.

1. INTRODUCTION

YPERTHERMIA offers considerable promise as an

adjuvant to cancer therapy [1]. Many different sys-
tems have been proposed for using electromagnetic energy
to induce hyperthermia, but there has been great difficulty
in heating deep-seated tumors. Recently, there has been
much interest in helical coil applicators since some exper-
iments have shown them to produce relatively uniform
deposition over the cross section of cylindral fat-muscle
phantom models of the human arm and thigh [2]. If the
design parameters are properly chosen, the electric field
of a long helical coil will be predominantly axial in ori-
entation and relatively uniform over the cross section of
the coil [3]. An incident field with these properties is con-
ducive to the observed pattern of deep, relatively uniform
deposition. Analyses have also been presented which
are consistent with the data for long, untapered cylindral
phantoms [4].

The BSD annular phased array (APA) has been shown
to produce similar patterns of deposition in long cylindri-
cal phantoms [5]. The patterns of deposition with the APA
were found to be much more complex when phantoms hav-
ing a more realistic mannequin shape were used in place
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of long cylinders [5], [6]. In clinical applications, it hag
been found necessary to use a bolus to limit the extent of
deposition within the body. Bolusing has not been though
to be necessary with helical coil applicators, but tests of
the effects of realistic body shapes have not been described
prior to this paper.

The experiments described in the following sections of
this paper were made in order to characterize the helical
coil prior to possible clinical usage. Design parameters for
the coils. were chosen in order to facilitate comparision to
the commercially available APA systems.

II. DESCRIPTION OF APPLICATORS

The APA has been described previously [6]. It consists
of 16 apertures, 8 at either end of an octagonal structure
which surrounds the patient. Each aperture radiates in-
ward to generate a cylindrically convergent wave which is
predominantly polarized parallel with the axis of the body.
The APA has a length of about 46 ¢m and an inside di-
ameter of approximately 50 cm. A bolus filled with dis-
tilled water fills the space between the APA and the pa-
tient. .

The miniature annular phased array (MAPA) is a new
product of the BSD Medical Corp. and is intended for use
in limb hyperthermia. The MAPA is a cylindral shell hav-
ing a length of about 32 cm and an inside diameter of
approximately 30 cm. Eight radiating elements are con-
tained within the shell which is approximately 1 cm in
thickness. It is recommended that the MAPA also be used
with a water bolus,

Two different helical coil applicators were constructed
for trunk and thigh hyperthermia. The lengths of these
applicators were chosen to be similar to those of the cor-
responding APA and MAPA in order to provide compa-
rable axial confinement of the energy deposition. It has
been shown experimentally that the magnitude of the
length to diameter ratio (L/D) of a helical coil applicator
must not be small if deep heating is desired [2], For this
reason, the diameters of the two helical coil applicators
were chosen to be the smallest possible consistent with
reasonable clearance of the trunk and thigh. The trunk
helix had a-length of 43 cm and a diameter of 43 ¢
(L/D = 1.0). The thigh helix had a length of 36 cm and?
diameter of 23 c¢cm (L/D = 1.57).

Unlike the APA and MAPA, the helical coil applicators
are resonant devices and must be operated at a frequea®y
which is dependent upon the loading in addition (0 the
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~ design parameters of the coil. Others have chosen to op-

erate helical coil applicators near the FCC-assigned in-
strument, scientific, and medical (ISM) bands centered at
13.56, 27.12, and 40.68 MHz in order to minimize possible
interference to communications [2]. In the present study,
we have chosen to operate at somewhat higher frequencies
with the intent of making a more direct comparison to the
APA and MAPA. The choice of operating frequencies was
also motivated by recent experiments which suggest that

the higher frequencies used with the APA and MAPA

are required for penetration into inhomogeneous internal
structures such-as tumors that have spread into bone [7].
It was necessary to use relatively large pitch angles in or-

. der to permit resonant operation of the coils at the higher

frequencies. Our analyses suggest that when both fre-
quency and pitch angle are changed in such a manner that
resonant operation is maintained, there is little change in
the depth of heating since the effects of the changes in the
two variables tend to compensate [4]. Increasing the pitch
angle reduces the length of wire in the helix and hence
requires that the frequency be increased. By itself, the in-
crease in frequency would tend to decrease the depth of
heating. Increasing the pitch angle also reduces the num-
ber of turns on the coil which reduces the strength of the
axial magnetic field and therefore also reduces the mag-
nitude of the azimuthal electric field. Since the azimuthal
electric field causes only shallow heating, this second effect
of increasing the pitch angle tends to compensate for the
effect of the required increase in frequency., We do not
claim to have fully optimized the values of frequency and

i pitch angle for the two coils which were tested, but it is

anticipated that the tendency for compensation would limit
the improvement that could be obtained by further opti-
mization. We are not aware of attempts by others to opti-
mize helical coil applicators having relatively small values
of L/D. .

The helical coils were used at full-wave resonance
(wavelength of propagation on the helix approimately equal
to helix length). Others have reported that half-wave op-
eration may provide more nearly uniform transverse heat-
ing than is obtained with full wave, but half-wave opera-
tion would require that the coil length be reduced by. a
factor of § for the same axial effective heating length [2].

Both helical coils were wound with copper foil rather
than wire since our earlier studies have shown that, for
large pitch angles, the coupling efficiency is increased by
the use of metal foil [8]. The trunk helix was wound with

3 turns of 4.4 cm wide foil, and the thigh helix was wound
- using § turns of 3.6 cm wide foil.

At full-wave resonance both coils have a purely resistive
impedance of approximately 30 @ when loaded with the

| phantoms described in this paper. This load impedance

provides a reasonably good match to a standard 50 Q feed.
Since the helical coil applicators act as balanced loads, a
Split-tube BALUN [9] was used to allow coupling them to

.the unbalanced coaxial feed line. Before the BALUN was

included in the circuit, strong ficlds were measured near
the feed cable and both the resonant frequency and the
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pattern of deposition in a phantom were found to depend
on the length of the feed cable. A BALUN was not used
in the experiments reported earlier by others when helical
coil applicators were operated in the full-wave mode [2].

HI. Tests WitTH CYLINDRICAL SALINE PHANTOMS

All four applicators were tested using a phantom con-
sisting of a dielectric cylinder containing saline. Local val-
ues of the three orthogonal components of the electric field
intensity were measured within the saline using an im-
plantable probe made by the BSD Medical Corp. [6]. These
values were then used to calculate the local deposition in
the phantom.

With all applicators except the MAPA, the cylinder was
filled with saline that was approximately 0.056 N (0.33
percent NaCl by weight). From 50 to 80 MHz, the cal-
culated values of the dielectric constant and conductivity
of this solution are approximately 79.0 and 0.52 S/M, re-
spectively [10]. A more concentrated solution of approx-
imately 0.078 N (0.45 percent NaCl by weight) was re-
quired for the higher frequencies used with the MAPA. At
a frequency of 175 MHz, the calculated values of the di-
electric constant and conductivity of this solution are ap-
proximately 78.5 and 0.73 S/M, respectively [10]. The
dielectric properties of both solutions were verified exper-
imentally using a method described previously [6].

The conductivity of these two solutions was chosen to
be approximately two-thirds that of muscle tissue at the
respective frequencies [11], [12], so that they would be
fairly representative of the volume average of tissue prop-
erties within a human limb or torso. The values of dielec-
tric constant are less appropriate—that for the more con-
centrated solution being about one-half that required for
two-thirds muscle. It should be noted that while there were
errors in the dielectric properties, the saline phantom had
values of wavelength and depth of penetration that were
within 24 percent of those of two-thirds muscle at all fre-
quencies for which they were used.

Fig. 1 shows the trunk helix used with the cylindrical
saline phantom. In tests made using this system, the cyl-
inder containing the saline was made of 5 mm thick
polyethylene and had a length of 51 cm and a diameter of
32 cm. It was filled to a depth of 44 cm with saline. The
implantable field probe was used for measurements at 5
cm intervals both along the axis of the cylindrical phantom
and along four parallel lines located near the surface of
the phantom having an azimuthal spacing of 90°. A fre-
quency of 72.64 MHz with a forward power of 40 W (1.2
W reflected) was used in this series of tests. The resulting
local values of specific absorption rate (SAR, defined as
rate of energy deposition per unit mass) are shown in Ta-
ble I. All values have been normalized relative to the mean
for measurements on the axis. The value Z = 0 corre-
sponds to the base of the column of saline as well as the
lower end of the applicator. Values at & = 180° corre-
spond to locations near the feed point of the applicator,

The data of Table I have been plotted in Fig. 2. The dotted
curves, numbered 1-4, represent locations with § = 0° (o

;o [ TR 1




s e B e

918 V - IEEE _TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. BME-32, NO. {1, NOVEMSER 19853

Fig. 1. Trunk helix with cylindrical saline phantom.

TABLE |
SAR DisTRIBUTION FOR TRUNK HELIX WITH SALINE PuANTOM
Z em Values near the phantom surface "Center
e-0f £=90° &= 130 ¢=210°

0 6.3 0.3 7.4 1.1 1.1

s 7.7 0.4 10.2 2.8 1.1
10 2.2 1.9 10.1 2.1 1.2
15 3.4 4.5 14.6 0.7 1.3
20 10.3 7.1 17.1 7.0 1.4
25 4.8 4.3 16.5 5.1 1.1
30 1.0 2.3 11.0 1.0 0.7
35 0.4 13.0. 7.1 4.1 0.5
40 0.2 10.1 18.3 2.3 0.6
Mean 4.0 4.9 12.5 2.9 {1.00)

29

VDY CIMNMIED RO

AXIAL COORDINATE, CH.

Fig. 2. SAR distribution for trunk helix with saline phantom. Axial loca-
tions are solid and surface locations are dotted.

270°, respectively. The solid line, curve 5, represents the
axial locations. The mean deposition near the surface of
the phantom was about 6.1 times that on the axis. The
pattern of deposition near the surface of the phantom was
highly heterogeneous, showing the effects of proximity of
the individual turns, Averaging all 36 locations near the
surface of the phantom, the total deposition was approxi-
mately 44 percent from axial, 53 percent from azimuthal,
and 3 percent from radial eleétric fields.

In tests made with the APA, the cylinder containing the
saline was made of 3 mm thick neoprene and had a length

TABLE Il
SAR DISTRIBUTION FOR APA WITH SALINE PHANTOM
Z cm Values near the phantom surface Center
6-0 6=9¢ e=180° &=210°
0 0.14 0.11 0.11 0.14 0.00
5 0.54 0.63 0.47 0.74 0.32
10 1.04 1.24 0.90 1.33 0.33
15 1.58 1.92 1.33 1.85 1.42
20 2.03 2.17 1.57 2.21 1.85
25 2.05 2.32 1.73 2.21 1.92
30 1.90 2.02 1.57- 2.12 1.73
35 1.44 1.58 1.20 1.51 1.17
40 0.88 0.93 0.68 0.91 0.59
45 0.36 0.41 0.32 0.29 0.18
Mean  1.20 1.33 0.99 1.34 (1.00)
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Fig. 3. SAR distribution for APA with saline phantom. Axial locations are
solid and surface locations are dotted. -

of 57 cm and a diameter of 33 cm. It was filled to a depth -
of 53 cm with saline. A thin PYC liner was used for the
water-filled bolus between the APA and the cylinder. The
implantable field probe was used for measurements along -
the axis and along four parallel lines located near the sur-
face of the phantom, as was done with the thigh helix. A
frequency of 72.63 MHz with a forward power of 40 W
(0.6 W reflected) was used in this series of tests. The re-
sulting values of normalized SAR are shown in Table IT
and plotted in Fig. 3 using the same conventions as in Fig.
2. The mean deposition near the surface of the phantom -
was about 20 percent greater than that on the axis. Aver-
aging all 40 locations near the surface of the phantom, the
total deposition was approximately 89 percent from axial *
and 11 percent from radial electric fields. Measured values ..
of the azimuthal electric field were near zero when the
leads of the implantable field probe were patallel to the
strong axial component. This suggests that errors due to
pickup by the leads were negligible under the conditions
of these experiments. S

In tests made with the thigh helix, the cylinder contain-
ing the saline was made of 2 mm thick polyethylene and
had a length of 46 cm and a diameter of 15 cm. Tt was
filled to a depth of 43 ¢m with saline. The implantable
field probe was used for measurements along the axis and
along four parallel lines located near the surface of the
phantom, as was done with the other applicators. A fre-
quency of 52.78 MHz with a forward power of 10 W (03
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TABLE 111 .
SAR DISTRIBUTION FOR THIGH HELIX WITH SALINE PHANTOM

Z cm Values pear the phantom surface Center
o0' G-90? e=180°  @=27¢°
0.0 0.08 6.00 0.17 0.06 0.06
2.5 0.28 0.08 0.38 0.22 0.19
5.0 0.47 0.30 0.58 0.55 0.44
7.5 Q.86 0.53 1.08 0.86 . 0.69
10.0 1.52 1.47 1.77 1.41 1.11
12.8 2.58 2.47 2.27 2.25 1.58
15.90 3.4 3.41 3.44 3.08 1.89
17.5 4.24 3.99 3.94 3.60 2.0§
20.0 4.10 4.10 4.02 4.02 1.91
1.5 3.58 3.63 3.52 3.4 1.56
25,0 2.77 2.99 2.25 2.50 1.19
27.5 1.69 1.94 1.50 1.52 6,72
30.0 0.94 1.19 0.97 0.67 0.50
32.5 0.33 0,17 0.36 0.25° 0.11
Mean 1.92 1.88 1.87 1.74 (1.00)
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Fig. 4. SAR distribution for thigh helix with saline phantom. Axial loca-
tions are solid and surface locations are dotted.

W reflected) was used in this series of tests. The resulting
values of normalized SAR are shown in Table III and plot-
ted in Fig. 4 using the same conventions as in Fig. 2. The
mean deposition near the surface of the phantom was about
L9 times that on the axis. The pattern of deposition near
the surface of the phantom shows considerably less vari-
ability than that determined for the trunk helix. Averaging
all 56 locations near the surface of the phantom, the total
deposition was approximately 56 percent from axial, 40
percent from azimuthal, and 4 percent from radial electric
fields. The thigh helix had both a lower ratio of surface to
axial deposition and a lower fraction of the total deposition
caused by the azimuthal electric field than was noted for
the trunk helix. It is reasonable that these two properties
should accur together since the deposition due to the azi-
muthal electric field is approximately quadratic with radial
distance from the axis [13]. This improvement in perfor-
mance is thought to be caused by the larger ratio of length
to diameter of the thigh helix, . -

Tests made with the MAPA used the same phantom as
was used with the thigh helix; but the saline was more
concentrated for use at the higher frequencies as noted
above. Also a water-filled bolus was used between the
MAPA and the phantom. The immplantable field probe was
used for measurements along the axis and along four par-
allel lines located near the surface of the phantom, as was
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TABLE IV
SAR DisTriBUTION FOR MAPA WITH SALINE PHANTOM
Z cm Values near the phantom surface Cenrerx
G=0* Gu90? =150°  @=27
0.0 0.31 0.07 0.09 0.12 0.02
2.5 0.76 0.3t 0.24 0.14 0.38
5.0 1.47 0.57 0.54 0.47 1.06
7.5 2.13 0.71 0.90 0.73 1.68
10.0 2.15 0.66 1.14 1.09 2.11
12.5 2.22 0.57 1.04 0.78 1.75
15.0 1.75 0.40 0.92 0.57 1.51
17.5 1.1 0,21 0.66 0.28 1.09
20.0 0.71 0.14 0.38 0.14 0.71
22.5 0.31 0.09 0.19 0.05 0.43
25.0 0.14 0.09 0.09 0.05 0.26
Mean 1.20 0.35 0.56 0.40 (1.00)
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Fig. 5. SAR distribution for MAPA with saline phantom. Axial locations
are solid and surface locations are dotied.

TABLE V
DEBPENDENCE OF NORMALIZED SAR DMSTRIBUTION ON HORIZONTAL
DispLACEMENT OF MAPA WITH SALINE PHANTOM AT Z = 10 CM

X cm Values near the phantom surface Cenver
o0° G=9¢° G=180° w270

0.0 2.28 0.66 1.14 1.09 2.11

2.0 i.11 0.73 1.59 0.97 1.90

4.0 1.94 g.71 1.66 1.18 2.28

done with the other applicators, A frequency of 175.14
MHz with a forward power of 10 W (<0.05 W reflected)
was used in this series of tests. The resulting values of
normalized SAR are shown in Table IV and plotted in Fig.
5 using the same conventions as in Fig. 2. The mean dep-
osition near the surface of the phantom was about 63 per-
cent of that on the axis. Averaging all 44 locations near
the. surface of the phantom, the total deposition was ap-
proximately 97 percent from axial and 3 percent from ra-
dial electric fields. Measured values of the azimuthal glec-
tric field were near zero, as was also found with the APA.

Table V shows the dependence of the distribution of SAR
on horizontal displacement of the cylindrical phantom rel-
ative 10 the MAPA. The data are given for a height (Z) of
10 cm which is where the SAR was greatest for no dis-
placement, as shown in Table IV. SAR normalization is
the same as that in Table IV and the first line of Table V
(X = 0.0 cm) is necessarily identical to the fifth line of
Table IV (Z = 10.0 cm) as it corresponds to geometrical
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TABLE VI
DieLECTRIC PHANTOM MIXTURE

Water 71.10%.
Polyethylene Powder 18.31
TX-150 {gelling agent)* 10.18
NaCi 0
NaNg 0.

*0il Center Research, Lafayetts, LA,

centering of the cylindrical phantom within the MAPA.

Horizontal displacements (X) of 2.0 and 4.0 cm corre~

spond to movement of the cylindral phantom away from
the feed point of the MAPA (f = 180°). A displacement
of 2 cm from geometric centering decreased the relative
SAR at 6 = 0° from 2.25 to 1.11 since that location was
now further from the maximum near the center of the
MAPA. A further increase in the displacement t0 4 cm
caused an increase in the relative SAR at & = 0° since that
location was now quite close to one of the radiating ele-
ments of the MAPA. The dependence of SAR distribution
on displacements as little as 2 cm was noted in earlier
testing with the APA [6]. For this reason, it is common
practice to use electric field probes to verify that the lo-
cation of a patient in an APA is optimum, and such tech-
niques would also appear to be necessary with the MAPA.
The results in Table V suggest that we could have obtained
more even heating near the surface of cylindrical phantom
than is shown in Table IV if the position of the cylindrical
phantom within the MAPA had been optimized.

IV. TESTS WITH A PHANTOM-FILLED MANNEQUIN

Local values of the electric field intensity and rate of
temperature rise were determined using a phantom-filled
male mannequin used in earlier testing at BSD [5], [6].
The mannequin provided a good representation of the ex-
ternal shape of the human body except that there were no
arms and the legs were truncated at the knees, A series
of thin-walled 16-gauge Teflon catheters was carefully po-
sitioned within the mannequin to allow placement of
"probes for measurement of both temperature and electric
field strength.

The mannequin was made of thin-walled Fiberglas and
was filled with a phantom mixture given in Table VI. The
mixture is similar to those described earlier by others [14].
The sodium azide was added to increase the stability of
the gel. The phantom mixture was found to have a dielec-
tric constant of 68 and a conductivity of 047 S/M at 70
MHz. These values are approximately two-thirds those of
muscle [11], [12] for simulation of mean tissue properties.

Since a helical coil applicator acts as a balanced load, it
is proper to use a BALUN for coupling to an unbalanced
coaxial feed line. Several difficulties were encountered in
a series of tests made in which the trunk helix and phan-
tom-filled mannequin were used without a BALUN. Elec-
tric fields as intense as 300 V/M were measured close to
the feed cable for an input power of only 20 W. A single
vertical catheter track was located so that it passed through
the centroid of each horizontal cross section of the man-
nequin from the crown of the head to the crotch. The im-

Fig. 6. Trunk helix with phantom-filled mannequin.

plantable electric field probe was moved along this track
while it was oriented so as to measure the vertical com-
ponent of the electric field intensity. These measurements
showed that the ratio of the square of the vertical compo-
nent of the electric field (approximately the SAR) in the
neck to that in the center of the abdomen varied from 0.19
to 2.6 when the length of the coaxial feed line was
changed. The resonant frequency was also found to be de-
pendent upon cable length. A split-tube BALUN [9] was
used with the helical coil applicators in the tests described
in the following parts of this paper and then none of these
problems were present. A BALUN was not used in the
experiments reported earlier by others when helical coil
applicators were operated in the full-wave mode 2]

Tests were made using the trunk helix with the phan-
tom-filled mannequin (with a BALUN) as shown in Fig.
6. First, the ratio of the square of the vertical component
of the electric field (approximately the SAR) in the neck
to that in the midabdomen was wmeasured using the
implantable electric field probe. At a frequency of 70.92
MHz, the ratio was found to be 0.70 and did not vary with
changes in length of the feed line unlike earlier results
before the BALUN was used.

‘Next thie local rates of heating were determined at many
locations within the mannequin to further define the pat-
tern of energy deposition with the trunk helix. The BSD-
200 thermometry system using probes developed by Bow-
man [15] was used for all temperature measurements.
Figs. 7 and 8 show local temperature increases measured
for 2 min of heating with a net power of 775 W (1000 W
forward, 225 reflected) at 70.86 MHz. Fig. 7 is a front
view showing values for probes positioned half-way be-
tween the front and back surfaces of the mannequin. Fig.
8 is a side view for which the probes were located in the

IBEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. BME-32, NO. I, NOVEMBER |35
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Fig. 10. Thigh helix with phantom-filled mannequin.

These observations are consistent with earlier studies [5]
and show the need for a bolus to provide axial confinement
of the fields. The bolus was used in all subsequent tests
made with the APA.

Next the temperature increase was measured at several
points for 2 min of heating with a net power of 775 W
(800 W forward, 25 W reflected) at 70.83 MHz. These
conditions were chosen to permit comparison to the trunk
helix data in Figs. 7 and 8. The APA caused significantly
greater deposition near the body axis than was obtained
with the trunk helix. For example, a temperature increase
of 0.9°C was observed at the center of the abdomen
whereas 0.3°C was found with the trunk helix. Detailed
heating patterns were not determined using the APA be-

~ cause such have been presented earlier for the same phan-

tom [5], [6].

The thigh helix was tested with the phantom-filled man-
nequin as shown in Fig. 10. The split-tube. BALUN ‘was
used for all tests made with the thigh helix. A frequency
of 51.07 MHz with a forward power of 50 W (0.2 W te-
flected) was used in these tests. Measurements with the
implantable electric field probe showed that the deposition
in a small region at the crotch of the mannequin exceeded
that within the volume enclosed by the thigh helix. There
was an additional problem in that a strong electric field
was present in the air space between the helix and the
unenclosed (untreated) leg of the mannequin. Using a for-
ward power of only 10 W, the electric field intensity in this
air space was as strong as 900 V/M. One of us (P. F.
Turner) received a small RF burn when he placed his hand
in this region while making the measurements.

Finally, the MAPA was tested with the phantom-filled
mannequin as shown in Fig. 11. A frequency of 178.16
MHz with a forward power of 50 W (0.8 W reflected) was
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Fig. 11. MAPA with phantom-filled mannequin.

used in these tests with the MAPA. No detectable fields
were found in the crotch area of the mannequin using the
implantable electric field probe. In addition, no measur-
able fields were found in the air space between the MAPA
and the unenclosed (untreated) leg. It appears that the
water-filled bolus serves to selectively couple energy to the
treated region and thus decreases the coupling to other
parts of the mannequin.

V. MEASUREMENTS OF SCATTERED FIELDS

The scattered electric and magnetic fields were mea-
sured when the trunk helix and APA were used with the
phantom-filled mannequin. A Holaday Industries model
HI-3002 isotropic broad-band field strength meter was
used for these tests.

Values of the scattered electric and magnetic fields de-
termined when the trunk helix was used with the manne-
quin are presented in Figs. 12 and 13, respectively. The
net RF power was 7.7 W (10 W forward, 23 W reflected)
at a frequency of 70.93 MHz. A split-tube BALUN was
used with the trunk helix to provide consistent measure-
taents. Shaded lines at the top, bottom, and side in Fig. 12
represent conducting surfaces of the screen-room. These
surfaces were not shown in the subsequent figures, or in
Figs. 7 and 8 due to a change in scaling.

Figs. 14 and 15 give the values of the scaitered fields
determined using the APA with the phantom-filled man-
nequin. A net RF power of 7.7 W (<0.05 W reflected)
was used to facilitate comparison to the values obtained
using the truck helix. The frequency was 70.94 MHz. The
water-filled bolus was used during these measurements.
For comparison, the ANSI guideline for human exposure
at the frequencies used in these tests is 4000 V?/M’ of
0.025 A%/M?,

ey .
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In most areas, the scattered fields are comparable to the

two applicators. The exception is that intense fields, as -

strong as 120 000 V¥/M? and 1.5 A>/M?, were measured
just outside the trunk helix and the fields were not un-
usually strong near the outer surface of the APA. These
observations of strong fields external to the applicator are
consistent with earlier measurements of an intense electric
field when the thigh helix was used with the mannequin.
Indeed, intense fields should be expected near the con-
ducting surfaces of a helical coil. Exposure to these fields
could be avoided by using a dielectric spacer several cen-
timeters in thickness on the inner and outer surfaces of a
helical coil applicator. It is anticipated that the fields ex-

ternal to helical coil could be decreased by using a water-
filled bolus similar to that used with the APA and MAPA
but such an arrangement has not yet been tested.

VI. CONCLUSIONS

It is our opinion that the major factor limiting the depth
of heating obtained with the two helical coil applicators
was the relatively low magnitude of the length to diameter
ratios (L/D). In fact, the depth of heating was significantly
greater with the thigh helix (L/D = 1.57) than with the
trunk helix (L/D = 1.0). Others have claimed good re-
sults when using coils having larger L/D values, but they
observed highly nonuniform transverse heating with a coil
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having L/D equal to one [2). The problem is that coils
having values of L/D significantly greater than those in the
present study may be difficult to use for treatment in some
regions of the human body. Helical coil applicators should
have diameters that are at least equal to those used in the
present series of tests in order to avoid highly localized
deposition or *““hot spots” due to the strong electric field
near the turns of the helix. Unfortunately, a helix having
a diameter sufficiently large for reasonable clearance from

" the leg and having the suggested L/D ratio of at least 3.0

{16] would necessarily have the point of maximum depo-
sition (the midpoint of the helix) no higher than the knee.
Similarly, a helix intended for use with the arm and having
the suggested value of L/D would have the point of max-

. imum deposition located no higher than the elbow. Sub-

stanial deposition would be expected to occur over a major
portion of the limb when using such applicators. Such ap-
plicators would appear to be inappropriate for the large
number of thigh and upper arm cases currently being

treated by other modalitjes. We would also anticipate that
a trunk helix having the suggested value of L/D would
prodice heating over a considerable length of the torso,
thus increasing the total energy deposited in the body and
the amount of unwanted systemic heating.

" We do not claim to have fully optimized the values of
frequency and pitch angle for the coils which were tested,
but such optimization is not likely to cause a substantial
increase in the depth of heating since for resonant opera-
tion changes in either of the two variables require changes
in the other which tend to have compensating effects [4].
We are not aware of attempts by others to optimize helical
coil applicators having relatively small vatues of L/D.

Strong fields were measured external to the helical coil
applicators, and tests with a phantom-filled mannequin
siggest that the genitals could be injured if a helix was
used to treat the thigh. It is anticipated that damage to the
face could occur if a helix was used to treat the upper arml.
It is anticipated that the fields external to a helical coil
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could be decreased by using a water-filled bolus similar to
that used with the APA and MAPA, but such an arrange-
ment has not yet been tested. .

By contrast, the BSD APA and MAPA were found to’
produce deep heating and did not cause strong fields ex-
ternal to the applicators. The absence of azimuthal electric
fields with the APA and MAPA is one factor causing them
to have greater depth of heating than was observed with
the helical coils. Note that when the MAPA was tested
with a cylindrical saline phantom, the mean deposition on
the axis exceeded that near the surface, & phenomenom
which has never been claimed for the helical coils. It is
well known that the APA (and MAPA) may be focused to
provide greater deposition near the center of a phantom
than occurs riear the surface [6]. In addition, it is possible
to steer the region of maximum deposition by adjusting
the phases and magnitudes of the currents fed to the ele-
ments of the phased arrays {6]. The water-filled bolus ap-
pears to be required for limiting the extent of deposition
obtained with the APA and MAPA as well as decreasing
the strength of the external fields. .

It is possible that the requirement for resonant tuning
with a helix could present a problem in clinical usage.
Unlike the APA and MAPA, the helical coil applicators
are resonant devices and must be operated at a frequency
which is dependent upon the loading in addition to the
design parameters of the coil. Using all four coil-phan-
tom combinations, we found that the power reflection ex-
ceeded 50 percent when the frequency was shifted by more
than +4 percent of the tuned value.

The authors suggest that phantom-filled mannequins
should have greater application in evaluation of systems
intended for use in hyperthermia. Several of the phenom-
ena observed in the present work would have been missed
if a simpler phantom had been used.
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