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Head Resonance: Numerical Solutions
and Experimental Results
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INDIRA CHATTERJEE, STUDENT MEMBER, IEEE

Abstract—We have used numerical solutions and experiments with
phantom models of man, and experiments with the Long Evans rat to show
the existence of head resonance. Greatest absorption in the head region of
man eccurs at a frequency of about 375 MHz. Absorption is stronger for
wave propagation from head to toe than it is when the electric field is
parallel to the long axis. The highest absorption cross section for the
human head is projected to be approximately 3.5 times its physical cross
section.

I. INTRODUCTION

E HAVE previously reported numerical solutions
for the deposition of electromagnetic energy in a
realistic model of man which showed the existence of
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resonances for body parts such as the head and arms, as
well as for the whole body [1]. Further work has been
done regarding head resonance, since we believe the phe-
nomenon may be important in the study of behavioral
effects, blood-brain barrier permeability, cataractogenesis,
and other microwave bioeffects.

Our results show that the first resonance of the intact
human head occurs at a frequency of about 375 MHz and
has an § parameter (ratio of absorption cross section to
physical cross section) of about 3.5 for incident plane
waves propagating from head to toe. Earlier calculations
for a spherical model of the isolated human head showed
a geometrical resonance with S =1.1 near 450 MHz, and a
second resonance with §=14 occurring near 2.1 GHz
when allowance is made for the inhomogeneous structure
by using a multilayered model [2]. The results of our study
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dependent on the presence of the rest of the body.

In the following sections of this paper, we present new
data regarding resonance of the intact human head ob-
tained using both numerical solutions and phantom mod-
els for man, as well as experimental results for the Long
Evans rat. -

suggest that the absorption in the head region is strongly E

T

II. NUMERICAL SOLUTIONS E n

|

Fig. 1 illustrates a realistic model of man which we used
in earlier computations showing head resonance [1]. The
model was obtained by using a total of 180 cubical cells of
various sizes to obtain a best fit of the contour on dia-
grams of the 50th percentile standard man [3]. All numeri-
cal solutions reported in this paper are for a model having
more detailed modeling of the neck and head, as shown in
Figs. 2 and 3. Representation of the rest of the body is as Fig. 1. Realistic model of man.
shown in Fig. 1. Note that the number of cells has been
increased from 12 to 144 in the head region, and from 4 to
32 in the neck region for a whole body total of 340 cells. I l\

We have used a moment-method solution of the electric \
field integral equation with a pulse function basis and
delta functions for testing [1] and an interpolant follow-up
for improvement of convergence [4]. Since there are three
unknown field components per cell, even using one plane
of symmetry of the model the matrix is 510 <510 complex,
which corresponds to a system of 1020 simultaneous equa-
tions in 1020 real unknowns. Noniterative matrix solu-
tions are required since the matrix has at least one com-
plex eigenvalue having a real part with magnitude exceed-
ing unity [5]. A total of 17 h of dedicated usage of a
PDP-10 digital computer was required for each solution.
Fortunately, weak diagonal dominance which is inherent
in the matrix formulation contributes to the conditioning
to allow reasonable round-off errors with such a large
matrix size. )

Figs. 4 and 5 show the head and whole-body specific
absorption rate (SAR) calculated for the new model of
man in free space with an incident plane wave having two
different polarizations. Note that head resonance is more \
pronounced when the propagation vector is parallel to the
body axis (k”L) with propagation from head to toe than it \
is when the electric field is parallel to the long axis (E ||L)
Experimental data for the Long Evans rat, described in
Section IV of this paper, also suggest that head resonance
is stronger for k||f than for E||L polarization. Some J
experimental data obtained using biological phantom
models of man are presented for comparison in the next
section of this paper.

Figs. 6 and 7 illustrate the distribution of absorbed
energy in the head region near head resonance. The e
presence of a hot spot exists near the center of the head
which is also seen in the distribution at the geometrical
resonance for a sphere [2]. The distribution shown in Figs.

6 and 7 is only approximate since a homogeneous model
was used in all calculations. Fig. 3. Detailed modeling of the neck and head, side view.

Fig. 2. Detailed modeling of the neck and head, front view.
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Fig. 4. Head and whole-body absorption for E ||£, progagation from

front to back; incident intensity = 10 mW /cm?.
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Fig. 5. Head and whole-body absorption for wave propagation from
head to toe, E front to back; incident intensity= 10 mW/cm? Open
markers are for numerical solutions and solid markers are for phan-
tom models of man.
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Fig. 7. Local SAR values, watts per kilo_gram for 10 m\_{V/ «m? incident
fields. Outer layer of cells, 350 MHz, &k head to toe, E front to back,
whole-body average=0.6132, head average =2.014.

I11. EXPERIMENTAL RESULTS FOR PHANTOM
MODELS OF MAN

We have used accurately scaled figurines [6] of 20.3-,
25.4-, 33.0-, and 40.6-cm length with biological phantom
mixtures [7)], described in Table I, to model the exposure
of man to plane waves in free space. All values of ab-
sorbed dose were measured using a Thermonetics model
2401-A gradient layer calorimeter. Each figurine had the
head attached to the torso by a layer of saline-soaked
cloth, thus maintaining conductive contact but allowing
easy separability for measurement of energy deposition in
the head. For determination of the absorbed dose in the
head, after separation, the part of the polyurethane mold
holding the biological phantom material shaped in the
form of the head was wrapped in Saran Wrap to limit loss
of water by evaporation.

Table II gives the experimental values of SAR for
figurines containing biological phantom mixtures and ir-
radiated with propagation from head to toe. A plot of
data from Table II on Fig. 5 shows good agreement
between the numerical solutions and experiments with
phantom models of man. The values in Table II suggest
that for propagation from head to toe, the magnitude of
absorption in the head region near head resonance is not
strongly dependent on orientation of the E vector.

Both the numerical solutions in Section Il and the
phantom figurines have used homogeneous models. The
next section of this paper presents experimental data
obtained with the Long Evans rat.

IV. EXPERIMENTAL RESULTS FOR THE LONG EVANS
RAT

Table III gives the experimental values of SAR for
several tests made with both freshly killed and anesthe-
tized Long Evans rats. The number of measurements (n)
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TABLE I
COMPOSITION AND PROPERTIES OF PHANTOM MIXTURES. EXPERIMENTAL FREQUENCY =2450 MHz
NZiZigg:“si;;z:dy Composition of Phantom Material, % Measured Properties
Figurine | Simulated
Length | Frequency Conductivity oo + Polyethylene Conductivity
em MHz Permittivity mho/m 2" | Superstuff Powder NaCl | Permittivity mho/m
20.3 284.5 37.3 7.76 75 10,90 7.61 6.49 36.0 7.61
25.4 355.6 36,7 6,40 75 10.38 9.75 4.87 35.1 6.23
33,0 462,3 36.3 5.11 75 10.40 10,62 3.98 34.4 4,96
40.6 569.0 36.1 4,25 75 11,00 11,25 2,75 35.8 4,14

*,
Whole-body average computed on the basis of 65 percent muscle, skin, and tissues with high water content and 35
percent fat, bone, and tissues with low water content using interpolation with data for these tissues from

C. C. Johnson and A, W, Guy,

"Nonionizing Electromagnetic Wave Effects in Blological Materials and Systems",
Proceedings of the IEEE, Vol. 60, 1972, pp. 692-718,

* Superstuff obtained from Whamo Manufacturing Company, San Gabriel, California.

TABLE 11
SAR* oF PHANTOM MODELS OF MAN FOR WAVE PROPAGATION
FroM HEAD 1O TOE

TABLE III
SAR* VALUES FOR THE LONG EvANs RAT

' Hp A
E Front to Back E Arm to Arm
Frequency, MHz Whole Bod H
’ Whole Body | Head Whole Body | Head ote Dody ead | Whole Body Head
Freshly killed rat 27.36 39.32 28.34 63,43
285.0 0.578 0.669 0.827 0.999 (calorimeter) 11,41 £2.24
=2 =2 =4 =

355.6 0.624  |1.797 0.691 | 1.498 ° b n n=4
462,3 0.572 1.479 0.558 1.244 Anesthetized rat 25,11 30,97 23,37 34,40
(LCOF probe) +1.49 +1,58 +1.61 +1.69
569.0 0,478 0.750 0.3%94 0.702 n=4 n=4 n =4 n=4

*

* Watts/kg for 10 mw/cm2 incident, Watts/kg (+SEM) for 95 mW/cm2 incident at 2450 MHz.

and calculated standard errors in the measurements
(SEM) are also given in the Table. Scaling suggests that
head resonance for a medium-sized rat should occur near
the test frequency of 2450 MHz.

The anesthetized rats were given a 45-mg/kg dose of
sodium pentobarbitol to facilitate use of a fixed orienta-
tion and limit thermo-regulatory functions. Calorimetric
measurements were used to determine the absorbed dose
in the freshly killed rats. These measurements were made
using a Thermonetics model 2401-A Seebeck envelope
gradient layer calorimeter. The dose was also determined
by measurement of the rate of increase in rat colonic
temperature and brain temperature, using liquid crystal
temperature optical fiber (LCOF) probes, in the anesthe-
tized rats. For brain temperature the LCOF probe was
implanted in a triphine hole 3 mm posterior to the Bregma
cranial suture, 2 mm lateral to the midline cranial suture,
and 6~8 mm below the top surface of the cortex.

The results in Table III show that head _Tesonance is
more pronounced for kHL than for E||L orientation
which was also noted with the numerical solutions. Note
that the ratio of head-to-whole-body heat content is less
for the anesthetized rat than for the dead rat. Blood
circulation may be reducing the relative magnitude of
heating in the head region.

V. SUMMARY AND CONCLUSIONS

We have used three methods to study head resonance:
numerical solutions, experiments with phantom models of
man, and experiments with the Long Evans rat. All three
approaches show the existence of head resonance. The
phenomenon appears to have a greater magnitude for
wave propagation from head to toe than for E HL orienta-
tion. For the former orientation the head absorption cross
section as high as 3.5 times the physical cross section is
projected.

The numerical solutions, which are supported by the
experimental results for phantom models of man, suggest
that the absorption is much stronger than would be pre-
dicted using a sphere to model the isolated head. The
strong dependence on polarization would, of course, also
be missed using a spherical model.

We believe that the enhanced absorption in the head
region may make head resonance significant in the study
of behavioral effects, blood-brain barrier permeability,
cataractogenesis, and other microwave bioeffects.
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