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Kesonance Absorption of Microwaves by the Human Skull

WILLIAM T. JOINES, MeMBER, IEEE, AND RONALD J. SPIEGEL

Abstract-Resonance absorption of microwaves by the human skull is
exzmined by making computerized calculations of theoretical models
“of the skull. The calculated relative absorption versus frequency is
plotted z2nd compared for homogeneous and inhomogeneous skull
models. At a frequency of maximum power absorption, the spatial
distribution of intracranial ficld in tensity (based upon the theoretical
model) is also calculated and plotted.

Modeling the skull as a maltilayered sphere corresponding to skin,
fat, bone, dura, cerebrospinal fluid, and the brain (six concentric
spheres), cach layer having a specific conductivity and dielectric con-
stant expressed as a function of frequency, we have deveioped a com-
puter program for calculating the relative absomption and internal
distribution of electric field intensity at microwave fregeuncies. To
cover a range of skull sizes, calculations are made for spheres of radius
7 and 10 cm. At frequencies within the 0.1-3-GHz band, our results
show a pronounced difference betwcen the incident cnergy absorbed
by the homogereous and the inhomogeneous (multilayered) skull
models. Of particular interest is a broad relative absorption peak near
2,1 GHz that does not appear for the homogeneous skull model. Since
-the multilayered sphere represents a closer approach to reality in
- modeling the human skull at microwave freqeuncies, the leakage from
microwave ovens operating at 2.45 GHz may be a greater hazard to
huraan health than is now being recognized. o

I. INTRODUCTION

Literaturc reports and studies.conducted in our own laboratory indi-
cate that incident electromagnetic waves at certain frequencies within
the 0.1-3-GHz band are resonantly absorbed by the human skull. At
frequencies corresponding to peaks of relative absomption, the field
intensity inside the skull exists as a standing wave, the pattern of which
changes abruptly with frequency. In other words, the amplitude of the
standing-wave pattern is maximized at frequencies where relative absorp-
tion peaks occur. At these resonant frequencies the brain is most
susceptible to damage due to overexposure. )

Schwan [1] has published curves showing that the relative absorption

for alossy sphere with a concentric outer layer having different electrical ]

propertics differs appreciably from that for a homogeneous sphere and
is scnsitive to the thickness of this outer layer. Schwan assumed the
outer layer to be fatty tissue, and his curves express relative absorption
versus spherical radius, but at a specific microwave frequency, since the
electrical properties of biological tissue are frequency dependent. Ina
more recent publication, Kritikos and Schwan [2] have given the
maximum heating potential (power absorbed) versus frequency and the
internal distribution of heating potential at selected frequencies, but
only for homogencous spheres. Johnson and Guy [3] have also taken
the frequency-dependent electrical properties of brain tissue into ac-
count for humogeneous sphere models,

To achieve a closer correspondence to reality than is represented by a

homogencous sphere or the addition of an outer layer, we have modcled
the hunian skull as six concentric spheres representing the layers of
" skin, fat, bone, dura, cerebrospinal fluid (CSF), and the brain, each
layer having a conductivity and diclectric constant with a given fre-
quency dependence to be specified later. This concentric-sphere model
“was wied by Shipiro er ¢!, [4) in determining the heating within an
irradiated cranial structure, but no attempt was made to express the
‘t:rcqucncy dependence of conductivity and diclectric constant in

‘investigating resonance phenomena. N
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L. POWER ARSORPTION #Y INHOMOGENEQUS Stk

An excellent treatmicnt of scattering of clectromagnetic radiation by a
multilayered sphicre is presented by Kerker [5], and Shapire [4],
building upon the work of Stration 6], develops equations for deter:
mining the internal distribution of absorbed power. The reader should
consult these references for a more detailed discussion.

The multilayered sphere, which scatters the incident clectromagnetic
plane wave, is shown in Fig. 1. The incident wave is propagating in the
z direction and is lincarly polarized along the x axis. Boundaries be-
tween the layers are denoted by j=1,2,--+ s, whercs represents the
boundary betwecn the Jast layer and the external medium (in this case,
free space). The conductivities and diclectric constants of the layers
are oy, 03, -+, 0gand €y, €2, -+, 5. From Kerker (8] or Shapiro [4],
the relative absorption of electromagnetic energy within the conducting
dielectric sphere (of outer radius 2) in Fig. 1 is given by

= 3 @t DI Re o+ bp) - (e + 5y®)] (1)
Foe?T ’

where

Pa=%~fotl:‘l2dV
. JUu

is the power absorbed by the sphere, P = (Eg/.?n)naz is the-power
incident upon the geometrical cross section of the sphere, a = 2ua/A,
A is wavelength in the external medium, and 7 is intrinsic impedance
(377 2 for free space). The scattering coefficients a,, and b,;, which
depend upon the conductivity, dielectric constant, and radius of the
spherical layers, can be expressed in terms of Bessel functions [4], [5].

For an ‘interior point (r,6, ) of the multilayered sphere in Fig. 1,

the mean power dissipated in watts per unit volume can be expressed as

pa(f;e,é) = %oll.‘fl2 : '(25

where o and £ are the values of conductivity and electric field intensity
at the interior point. Hence, from (1), anid as described by Shapiro {4},
the normalized mean power density olEIZ/(ZE(z)) or normalized electric
field intensity squared IEIZIE% can be determined at interior points of
the skull model. As before, Ey is the electric ficld intensity of the plane
wave incident upon the sphere. - :

Before computations are made to determine the power absorption
versus frequency and the internal distribution of power density, the
values and frequency dependence of 0j and ¢; for the layers must be
specified. This was done in the following way. ! -

The conductivity and dielectric constant of an clectrically polarizable
material are [2], [7], [8]

o1
e Hwn?
a=g; + (o +ay) wn : oL 3)
=07 + (o ar) ——————=1g; |—
A S TYOT - TR T e .
and
=+ (wn)?
€], " € : :
€= g+ L ”‘=€[ H_ 5 ) €Y

1+ n? ! 1+ (wT)?

where the subscripts £ and ¥ denote low-frequency (dc) and high-
frequency (optical) values. For biological tissue with high water content,
the relaxalion time 7 is 1/(2nfy), where Jo, the frequency of rotational
resonance of the water molecules, is approximately 20 GHz.

Since the high-frequency and low-frequency values of o and € for each
laycr of the skull are not accurately known, it is reasonable to assume
that the rutios 6pr/oy and er./¢r; do not differ from enc layer of high
water content to another. For brain matter these ratios are approxi- .
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- given in Table L.
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Fig. 1. Multilayered (s = 6) sphere mode! of skull irradiated by incident
plane wave propagating in z direction.

- TABLEI ) o
DIMENSIONS AND ELECTRICAL PROPERTIES OF MULTILAYERED
SPHERE MODEL OF HUMAN SKULL

Ley=r . Racius {em) Conductivity {millimhos/cm) Relative dielectric constant
) 1sc2(e/5,)° . w2 )’ '
skin a gl—— ———— e,
Ve (f/5) 3 o(f/fo)r
fat 2-0.15 1 6
bone a-0.27 H 2
1562041 )2 4[lzw(f/fa) )
dura 2-0.7¢ ————
T+ (17607 e
L AL 124(8/5 )2
33 2-0.50 — Moy
Ve (17 ) W {f/1)
2 2
\OEZ(f/fo) s 12+(f/f°) ]
beai a-1.10 —
o Ve (1) TR

Note: fo =20 GHz.’

mated by [2) opgfop =62 and epfepy=12. Incorporating these

- assumptions into (3) and (4), the frequency dependent o and e become

[ 1+ 62(f/fo)”
o=qp |——5— )
1+ (flfo)
‘and
12+ (fifo)?
T e ®)
CTH L gife)?

where fo = 20 GHz.

Adjusting the term outside the brackets in (5) and (6) to agree with
available dats [4), [8], [9] within the 0.1-3-GHz frequency range,
representative values of o and ¢ for each layer of the skull model are
The fat and bone layers, which have low water
content, are assigned frequency independent values of ¢ and €.

[I1. CoMPUTED RESULTS AND DISCUSSION

To obtiain convergence of the series expansion for PlP;in (1), it was
necessary to evaluate the scattering coefficients to a high degree of
accuracy. This was accomplished by expanding the Besscl functions in
terms of trigonometric functions and by using double-precision arith-
metic (16-decimal digits) on the real and imaginary parts. The
evaluation of terms in the series expansion was continued until the
scattering coefficicnts satisfied the requirement

lapl? + bal < 10)™. M

Using the values of 6 and e in Table I 10 determine the scattering
cosfiicients in (1), the relative absorption of multilayered spheres with
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Fig. 2. Relative power sbsorption versus frequency for inhomogeneous
(six-layered) and homogeneous (one-layered) sphere models of outer
radius @ = 7 cm. :
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Fig. 3. Relative power absorption versus frequency for inhomogeneous
(six-layered) and homogeneous (one-layered) sphere models of outer
radiusa = 10 cm. :

an outer radius of 7 and 10 cm is shown as the upper curve in Figs. 2
and 3. The lower curve was obtained by letting all the layers have the
same o and e as brain matter (homogeneous sphere) and is oftercd for
comparison. Note that the absorption peak at about 2.1 GHz of 1.52
for =7 cm and 1.38 for a = 10 cm does not appear if one takes the
human skull to be represented by a homogeneous sphere. As one would
expect, the resonant peaks.are shifted downward in freqeuncy as the
radius is increased from 7 to 10 em. .
"The internal distribution of electric field intensity (JE[*/E3) within
the inhomogeneous sphere for the resonart peak near 2.1 GHz is
shown in Fig. 4 fot ¢ = 7 cm and in Fig. 5 for 2 = 10 cm. The distribu-
tion is shown along the direction of propagation (the z axis), in the
x-z plane in Fig. 1. To obtain the mean power density at any point
along the z axis, the ordinate in Fig. 4 or 5 is simply multipiied by

.¢/2 or 5 mmho/cm, since the conductivity of the brain matter, over

which the distribution is given, is 10 mmho/cm at 2.1 GHz (from Table
1). Thismeans thatif £g = (7.54)/2 V/em, corresponding to 10 mW/cm?
incident upon the sphere, the mean power density at the peak near
midbrain is 5(0.23)7.54 = 8.7 mW/cc for a = 10 cm, and 5(0.55)7.54 =
20.8 mW/cc for a=7cm. By the measure used by Kritikos and
Schwan [2], these peaks in local power density would represcnt in-
tense hot spots. Other investizators have not reported such large peaks,
but our computer program checks with theit data in the following
ways. 1) Using Shapiro’s multilayered sphere data ['4] at 3 GHz, we

- were able to repeat his plots of mean power density and to obtain the

same absorption cross section. 2) The lower curve in Figs. 2 and 3,
obtained from our program by letting all the layers have the same o and:
¢ as brain matter (homogeneous sphere), seems consistent with the
results of other investigators, and the relative absorption peak at
0.65 GHz for 2 =7 ¢cm in Fig. 2 is the same as obtained by Johnsen
and Guy |3] for the same size homogeneous sphere.
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Fig. 4. Z.axis distribution of normalized electric field intensity squared
inside the simulated brain matter (first layer) of the six-layered sphere
model. a=7cm, f=2.1 GHz.
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Fig, 5. Z-axis distribution of normalized electric field i.nicnsity squarced
" inside the simulated brain matter (first layer) of the six-layered sphere
model. a=10cm, f=2.1 GHz. .

At a given frequency, the values of ¢ and ¢ in Table I, which are
intended to represent a typical human skull, may vary from one
individua! to another, and certainly the layer thicknesses are subject to
individual variations. In vitro measurements [4] indicate that the
dielectric constant may vary as much as * 30 percent of the mean and
conductivity 40 percent. From available data it would be difficult,

- if not impossible, to determine how much variation is due to measure-
ment errors and how much is due to actual differences in the chemical

. composition of cranial layers from one skull to another. For this range.

"+ .of variation in o and e, the maximum relative absorption in' Fig. 2
(upper curve) would range from about 1.30 to 1.65 at a freqeuncy
between about 1.7-2.5 GHz. Although variations in layer thickness
would further increase the range of peak absorption and resonant

" frequency, the point is that a rangé of uncertainty does exist. And
while Figs. 2 and 4 (or 3 and 5) may accurately depict the absorption
and distribution of energy for a given human skull irradiated by micro-
waves, the situation may be quite different for another skull of the
same physical size (outer radius).

IV: ConcLusions

The multilayered sphere model of the human skull used in this study
shows pronounced resonance absorption effects in the 0.1-3-Glz
frequency range that are not present in the homogencous sphere modsl.
Variations in measured values of o and ¢ indicate that tiie peak absorp-
tion near 2.1 GHz in Fig. 2 may occur anywhere from 1.7 to 2.5 GHz.
Hence, the leakage from microwave ovens operating at 2.45 GHz (or
any other high-power source in the 1.7-2.5-Glz range) may be a greater
hazard to human health than is now being recognized. The range of
frequencies over which a health hazard may exist could possibly bte
narrowed considerably if one knew cxactly how much o.and ¢ of cranial
layers could change from one human skul! to another. More accurate
measusements of o and e at more frequencics in the microwave range
could help resolve the problem.
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Ultrasound Ddgage for Nontherapeutic Use on Human Beings—
Extigpolations from a Literature Survey

WESLEY D. ULRICH, MEMBER, 1EEE

Abstract—A practicd] method for analyzing the biological effects of
nontherapeutic ultrasoynd was applied to the data of 21 different
principal investigators. \The data were compiled so that individual
investigators could develdp tentative guidelines of their own regarding
the hazards of diagnostic \ultrasound in human beings. One set of
guidelines developed suggested that exposures of minimal hazard fie
below a log/log line connecting 100 us of 100 W/em? ultrasound with
200 s of 100 mW/cm? ultrasyund. An ultrasonic intensity of 100
mW/em? or less was of little or ho hazard for at least 10 000 s. These
guidelines applied to both cont) uous- and pulsed-wave ultrasound
doses that were described by aveNge intensity multiplied by roral
exposure time. The proposed schedul was valid for 0.5-15 MHz and
for all anatomic sites except the eyes. ’ .

INTRODUCTION

The increasing popularity of ultrasonic di
practice of medicine has raised questions of thwr safcty [4], [10},
[14], [16], [22], [29]. In any diagnostic proceNure, the physician
must compare the hazards of the procedure with th robability that
useful information will be gained. The enginecr wh designs either
industrial or medical cquipment may encounter specificalons that in-
adequately state limitations imposed by physiological ha
tunately, the research community (which may not unders '\nd the
tmperatives felt by Ppracticing physicians and engincers) can temper
premature or inappropriate usage on theoretical and experimental

nostic devices in the

grounds.  Of particular current intercst are ultrasonic imaging devices

such as the acoustic-optical imaging (AOI} system described bs' Buckles
and Knox [5}. Refincment of the AOI system for general diagnostic
use in human beings, however, may require exposuse to ultrusound
pulses with peak power in excess of 500 \V/cmz; thercfore, guidelines
for reasonubly safe ultrasound exposures should be established.
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