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ESTIMATES OF ABSORPTION OF RADIOFREQUENCY
RADIATION BY THE EMBRYO AND FETUS DURING
PREGNANCY

A. H. J. Fleming and K. H. Joyner*

Abstract—This paper reports that the specific absorption rate
induced in the embryo or fetus can exceed that recommended
for the general public when the mother is exposed to radiofre-
quency radiation at the occupational limits. This result applies
to two-tiered radiofrequency radiation standards where a fac-
tor of 5 differentiates occupational and nonoccupational ex-
posure limits. Using simple axisymmetric geometries for the
pregnant worker, and assuming plane wave exposures, a finite
element method provides estimates of prenatal exposure. Var-
ious layered shapes are used to model skin, fat, uterus, blood,
embryonic, and fetal tissues. Applying current exposure limits
given by IRPA, ANSI, and SAA, the results indicate that
overexposures to the embryo or fetus can occur from early
pregnancy at 80-100 MHz, and in late pregnancy across the
range 300-1500 MHz.
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INTRODUCTION

IN GENERAL, standards for limiting human exposure to
radiofrequency radiation (RFR) are two-tiered. The
International Nonionizing Radiation Committee of the
International Radiation Protection  Association
(INIRC-IRPA 1988), and other national standards-set-
ting authorities [e.g., Standards Association of Australia
(SAA) 1990], differentiate between occupational and
nonoccupational (general public) exposure.

Recently, the American National Standards Insti-
tute (ANSI) (ANSI 1990) incorporated limits for con-
trolled and uncontrolled environments." Application of
such standards would normally be straightforward. The
situation becomes complicated, however, if a pregnant
worker is exposed to occupational levels. What level of
RFR is the developing embryo or fetus exposed to in
this situation? Legal opinion suggests that the unborn
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TIn this report, two-tiered limits will be referred to as occupa-
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child should be treated as a member of the general
community and should not be exposed above the non-
occupational limits. Such protective care has already
been implemented in other hazardous industries (Inter-
national Labour Organization 1987). Since RFR can
penetrate the body, research is needed to determine
whether the RFR workplace is suitable for the pregnant
employee (Hocking 1988).

With reference to the IRPA, ANSI, and SAA limits
shown in Fig. 1, the question of compliance with these
standards arises. Referring to Fig. 2a, mother and fetus
are being exposed to an incident plane wave of power
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Fig. 1. IRPA, ANSI, and SAA occupational and nonoccupa-
tional incident power density limits above 30 MHz (top);
IRPA, ANSI, and SAA occupational and nonoccupational
SAR limits above 30 MHz (bottom).
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density 1 mW cm™ (61.4 V m™'); the IRPA, ANSI,
and SAA occupational limit in the frequency range 30-
300 MHz. For compliance with the corresponding non-
occupational limits, the developing fetus must not be
exposed to a specific absorption rate (SAR) above 0.08
W kg~! averaged over the fetal body.*

In general, there are two frequency regions across
the RFR spectrum where enhanced exposure of the
embryo or fetus can occur, namely at whole-body res-
onance (80-100 MHz) in early pregnancy and a partial-
body resonance in the microwave region during late
pregnancy. This paper details a numerical assessment
of these two effects and includes an investigation into
body shape.

METHOD

To numerically estimate the SAR at the site of the
embryo and fetus, certain pregnancy parameters need
to be defined. Figs. 3a and b show the anatomical
changes that occur between early and late pregnancy.
Fig. 3a shows that in early pregnancy at the embryonic
site, the SAR can be estimated by examining a small
volume near the mother’s body center. Fig. 3b shows
that in late pregnancy, the whole-body averaged SAR
of the fetus can be estimated by examining the internal
fields as a function of depth below the surface of the
mother’s abdomen.

Geometric and dielectric parameters of pregnancy

Due to the size of the embryo in early pregnancy,
the mother’s size and shape may be approximated to
be the same as if she were not pregnant. In later
pregnancy, as the fetus develops, the spatial parameters
become more difficult to define, partly due to changes
in fetal shape and position that occur frequently and
become a significant factor to be accounted for in any
numerical model. Three important geometric parame-
ters can be used, however, in a simple model of late
pregnancy: the depth in tissue of the fetus, the fetal size,
and the curvature of the mother’s abdomen.

Direct measurements taken from a cross-sectioned
cadaver of a mother and fetus at full term, located in
the Department of Anatomy at the University of Mel-
bourne, showed that the fetus was located approxi-
mately 19-21 mm beneath the mother’s skin. Ultra-
sound data compare closely with this depth (Schams
and Bretscher 1975). The size of the fetus was also
taken from the cross-sections and from data in the
literature (Blechschmidt 1961) in order to estimate the
average SAR over the entire fetus, not just the nearest
exposure. At full term, the estimated fetal length was
30-32 cm, the width was 12-16 cm, and the cranial
diameter was 12-14 c¢cm. The radius of the mother’s
abdominal curvature at full term was estimated, directly

* For the sake of clarity, discussion regarding differences between
the breakpoints at which the ramps occur in both the IRPA and
ANSI standards is left until the results of the investigation are dis-
cussed.
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Fig. 2. (a) Basic problem: estimate the energy deposition at
fetal site. (b) UHF whole-body resonance. (c¢) Microwave
partial-body resonance; vertical polarization. (d) Microwave
partial-body resonance; horizontal polarization.
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Fig. 3. Location and size of unborn child. (a) Early pregnancy.
(b) Late pregnancy.
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from anatomical drawings and photographs, to be 13-
16 ¢cm while the approximately spherical region sub-
tended a total conic angle of 120° in the broadside
direction (Fig. 2a). Smaller curvatures appear possible
for brief periods when the fetus pushes against the
uterine wall causing protrusions.

Information regarding the dielectric properties of
the various biological tissues over a wide range of RFR
frequencies was taken from the Radiofrequency Radia-
tion Dosimetry Handbooks (Johnson et al. 1976; Dur-
ney et al. 1978; Durney et al. 1980; and Durney et al.
1986). Curves of best fit of experimental dielectric
measurements provide succinct programmable infor-
mation. In published numerical estimates of RFR ab-
sorption, however, a range of dielectric models has been
used and thus the resulting internal absorption levels
also vary (see Table 1).

Whole-body resonance

At frequencies between 75-100 MHz, depending
upon the size of the mother, whole-body resonance in
free space occurs when the female body height is ap-
proximately 0.4 Ao, where )\ is the free-space wave-
length, as illustrated in Fig. 2b. In this case, body size
and shape affect the SAR levels at the site of the embryo
and the fetus.

It is known from homogeneous whole-body sphe-
roidal modeling (Durney et al. 1978) that the thinness
ratio (height:width) of the body affects the whole-body
average SAR. Thus the average SAR of a small female
(height 1.45 m, weight 43.09 kg) is larger than that of
an average female (1.61 m, 61.14 kg), which in turn is
larger than that produced in a large female (1.73 m,
88.45 kg).

An assessment is required as to how whole-body
resonance is affected by the shape and size of the fully-
developed fetus in late pregnancy. Comparing the fields
inside two spheroids of the same dielectric composition
and height but of different widths as shown in Figs. 4a
and b, the vertical E-field inside the wider spheroid will
be the lower (Durney et al. 1986, p. 5.29). A comparison
can then be made with late pregnancy, modeled as
shown in Fig. 4c, by a combined shape of the thin
spheroid, Fig. 4a, and a sphere of diameter equal to the
width of the wider spheroid, Fig. 4b.

Partial-body resonance due to late pregnancy

A second mechanism for enhanced energy absorp-
tion to the fetus occurs in the microwave or ultrahigh
frequency portion of the spectrum. This effect depends
on the curvature and size of the mother and fetus during
late pregnancy. At full term, the combined shape of
mother and fetus is partially rounded and can resonate
like a large dielectric sphere producing a subdued hot-
spot effect (Shapiro et al. 1971; Kritikos and Schwan
1972) as illustrated in Figs. 2 ¢ and d, where the incident
field may now be either vertically or horizontally po-

larized. In both cases, the protuberant, rounded portion
of the mother’s body is approximately 0.4-0.5 X, in
diameter. Because RFR absorption by the fetus in these
cases occurs primarily in the first few centimeters below
the mother’s skin surface (see Fig. 5), and because the
fetus can change position to be either lying in a vertical
or hortzontal position, both polarizations need consid-
eration. Using spherical models for both, of course,
produces identical results.

An assessment is required to determine how the
rest of the mother’s body—her upper torso, head, and
legs—alter microwave absorption during late preg-
nancy. Given that the effect is that of a subdued hot
spot, any change in SAR levels at the fetal site due to
the rest of the body is likely to be small, as discussed
later.

Numerical method

Prior to outlining details and results of the finite
element method used to provide estimates of absorption
during pregnancy, the need for such computations re-
quires consideration. First, no direct dosimetry data for
either the developing embryo or fetus is currently avail-
able.

As mentioned, absorption characteristics are re-
quired at anatomical locations in early pregnancy near
the mother’s body center and in late pregnancy at
depths below the uterine wall. Some indicative numer-
ical information is available during early pregnancy.
Averaged results over large neighboring regions close to
the embryonic site, or at least its equivalent in male
models, have been published. These results were not at
90 MHz, the resonant frequency for a small female
(height 1.45 m, weight 43.09 kg). However, no data
specifically at the embryonic site or for a small female
are known to the authors. Again, during late pregnancy,
no data, even indicative, are currently available.

Moreover, from the published literature there ex-
ists a range of results indicating SAR levels of 0.4 W
kg™' down to about 0.1 W kg™' (see Table 1). This
range was considered to be a function of the numerical
models employed and their simplicity, for example,
whether homogeneous or not. A more-detailed dielec-
tric model was considered necessary in refining the
results quantitatively. To further explain this range of
results, frequencies not exactly at resonance can pro-
duce a significant lowering of internal SAR levels. An
examination across the suspected resonant frequency
bands, especially at whole-body resonance, was thus
desired.

A finite-element method based upon a formulation
of Maxwell’s equations for the solution of isotropic,
inhomogeneous bodies of revolution involving two cou-
pled azimuthal potentials (Morgan and Mei 1979) was
used to numerically estimate absorption levels within
the female body. The major advantage of the coupled
azimuthal potentials (CAPs) formulation is that only
two variables are required to be determined at each
field point, resulting in major cost savings over other
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Table 1. Comparison of estimates of SAR at embryonic site.

Frequency
Model Dielectric constants €', — j ¢”, (MHz) SAR (W kg™
Durney et al. (1978) pp. 78-83 Durney et al. (1978), p. 61 90 0.26 whole body average
46 —j112°
EBCM/empirical
Homogenous spheroid small
woman
Durney et al. (1986) pp. 6.2-6.8 Durney et al. (1986), pp. 4.39-
4.70
EBCM
Homogenous spheroid average 49 — ;5 119* 80 0.23 average whole body
woman
Homogenous spheroid large 50 —j 1272 75 0.20 average whole body
woman
Homogenous spheroid average 50 —j 1272 75 0.26 average whole body
man
Hagmann et al. (1979) 2/3 muscle 80 0.40 at equivalent em-
bryonic site
Moment method
Homogenous block model average
man
Chen and Guru (1977) 80 —j 188.7 80 0.25 at equivalent em-
bryonic site
Tensor integral equation method
Homogenous block model average
man
ABSBOR Durney et al. (1978), p. 61 46 — 90 0.26 at embryonic site
Finite element method 1122 xyave = 3cm
Homogenous spheroid small z=0)
woman
ABSBOR -skin 48.0 —j 160.0 90 0.25 at embryonic site
Finite element method -fat 6.0 — j 20.0 Xyave £ 3cm
Layered spheroid small woman -muscle and blood 76.1 = j 140.2 (z=0)
Sullivan et al. (1988) 71.7-3159.8 100 0.10 averaged at half
height
Finite difference time domain
method
Homogenous model average man
ABSBOR 71.7 -3159.8 100 0.09 at embryonic site
Finite element method Xxyavex3cm
Homogenous spheroid small (z=0)
woman
Sullivan et al. (1988) 100 0.15 averaged at half
height
Finite difference time domain
method
Inhomogenous model average
man
ABSBOR -skin 48.0 —j 1440 100 0.19 at embryonic site

Finite element method
Layered spheroid small woman

-fat 6.0 — j 18.0
-muscle, and blood 75.3 —j
127.7

Xxyave £ 3cm
(r=10)

*Dielectric values estimated from reference.

of the internal absorption characteristics of layered
bodies of revolution, termed ABSBOR, was initially
applied to a series of spherical geometries to obtain a

differential formulations. An outline of the method
used is presented in the Appendix.
The resulting numerical procedure for the analysis
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basic validation. These tests were performed using die-
lectric constants and object sizes appropriate for the
suspected effect at microwave frequencies during late
pregnancy. Available for comparison was a procedure
based on the Mie series solution, called SCAT2, for
computing the absorption characteristics of layered
spherical objects (Neuder 1979). The results of this first
round of tests were most convincing and where absorp-
tion levels were significant, errors were small between
the results given by ABSBOR and SCAT2 (Fig. 6).

A second series of tests designed to investigate
more-elongated objects was then conducted. ABSBOR
results were compared with those obtained by Barber
(1977a) who used the Extended Boundary Condition
Method (EBCM) to calculate the internal fields of small
spheroids. Although there appeared to be some depend-
ence on how the mesh was discretized, reasonable re-
sults were obtained by ABSBOR when careful mesh
and modal parameter selection was performed.

A final test using whole-body averaged SAR data
for a spheroidal model of a sitting rhesus monkey at
300 MHz was performed (Durney et al. 1978, p. 81).
Results for SAR along the x and y axes were found to
agree with expected whole-body averaged results, while
those along the z-axis were now found to be in large
error due to the numerical boundary conditions along
the z-axis (see the Appendix). Trials for thinner objects,
appropriate for human whole-body modeling, were
consequently performed using the x-axis and y-axis
results, and not the z-axis.

The numerical mesh parameters for the present
application were chosen by careful selection during this
trial period. The number of divisions in the elevational
angle (8, as measured from the z-axis) was 35-75, while
the radial grid density in terms of radial nodes per
wavelength was, in all cases, 25-35. The modal param-
eters were chosen on a case-by-case basis depending
upon the dielectric constants and electrical sizes of the
objects involved. In general, the first four (0-3) azi-
muthal modes and up to 14 radial modes were used.

The CAP calculations for the whole-body modeling
involved large meshes and lengthy calculations. Pre-
vious attempts have been made to overcome these
computational bottlenecks by combining the EBCM
and the CAP formulations into a hybrid method
for analyzing elongated structures (Morgan et al.
1984). Unfortunately, the associated series of modal
solutions were not monotonically convergent for large
eccentricities (Morgan 1990). The present computa-
tions circumvented these difficulties by utilizing an out-
of-core block inversion technique. Nevertheless, most
computations were very long running. The finite ele-
ment mesh size and, hence, the computational effort
are related to the thinness ratio in that a wider subma-
trix size is required for larger ratios. For this reason,
and because it absorbed the highest SAR levels (Durney
et al. 1978, 1986), subsequent numerical effort centered
on models of a small mother and her embryo or fetus.

(a) ) (c)

Fig. 4. Spheroidal models to investigate the effect of the
anatomical shape of late pregnancy on whole-body resonance.
(a) Thin spheroid. (b) Wide spheroid. (¢) Thin spheroid and
sphere combined.
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RESULTS

Whole-body resonance

A vertically polarized plane wave of power density
I mW cm™ was assumed incident upon a number of
axisymmetric finite element female models, assumed
standing upright in free space. To obtain a basic vali-
dation of the numerical method at whole-body reso-
nance, a series of tests was performed using simple
dielectric models and results were compared with pub-
lished data (Table 1).

First, a homogeneous spheroidal model of a small
female in early pregnancy was examined at 90 MHz.
The complex permittivity, 46—j112, and the dimensions
of the spheroid (2a = 1.45 m, b = 0.12 m) were taken
from the handbooks (Durney et al. 1978, p. 61; Johnson
et al. 1976, p. 20). Figs. 7a and b show the SAR
distribution of a region 3 cm about the spheroid center
in the x and y directions. The SAR is fairly smooth
inside this region and averages around 0.26 W kg'.
This result is consistent with the whole-body average
SAR results obtained using the EBCM (Barber 1977b)
and published in the handbooks.

Another test now compared more-localized SAR
distributions, again using a spheroidal model of a small
female, but with different dielectric constants and at a
different frequency. The internal SAR distribution of a
homogeneous male model was obtained by Sullivan et
al. (1988) using a finite difference method at 100 MHz
and a complex permittivity of 71.7-j159.8 (¢ = 0.889
S m™"). Their SAR results were averaged across the
anatomy at various heights within the body. At the
height of the equivalent embryonic site, they found an
averaged SAR of approximately 0.10 W kg™'. Using
ABSBOR, the results (Figs. 7a and b) were averaged
+3 cm in the x-y plane and found to be 0.09 W kg™

A second series of tests was now conducted using
anatomically more-realistic models. An inhomogene-
ously layered small female spheroidal model was tested,

0.45
= 0.40 4
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this time for a range of frequencies, 80-100 MHz, using
a step size of 5 MHz. Frequency-dependent dielectric
parameters were chosen to model a 6-mm layer of skin,
a 10-mm layer of fat, and a homogeneous interior
region of blood and muscle. Resonance within a region
+ 3 cm along the x and y axes (i.e, the embryonic site)
occurred as expected at 90 MHz (Figs. 7a and b). The
estimated averaged SAR at the embryonic site was 0.25
W kg™! at 90 MHz and 0.20 W kg™ at 80 MHz.

Corresponding to their homogeneous model, Sul-
livan et al. (1988) also tested an inhomogeneous male
model, at 100 MHz, using dielectric constants for var-
ious tissues by referencing a series of anatomical cross-
sections. At the height of the equivalent embryonic site,
their averaged SAR result, 0.15 W kg™!, was higher
than that of their homogeneous male model. Using
ABSBOR, the averaged result, 0.19 W kg™!, was also
higher than the corresponding homogeneous model
results.

A final test at whole-body resonance investigated
the effect of late pregnancy upon whole-body resonance
as illustrated by Figs. 4a, b, and ¢. An inhomogeneous-
layered spheroidal model of a small female in late
pregnancy was modeled as a spheroid (2a = 1.45 m, b,
= 0.12 m) and a protruding sphere (b, = 0.15 m) as
shown in Fig. 4¢. Similarly, a wider spheroid, as shown
in Fig. 4b, with the same radius (0.15 m) as the model
of the small female in late pregnancy was also modeled.
Both models were examined across the range 80-100
MHz using 5-MHz steps, which was found to occur at
around 90 MHz. Results for both models at 90 MHz
are compared with those of the small female in early
pregnancy, Figs. 8a and b, indicating that the small
spheroid is the worst case in that it produces the highest
internal SAR distribution at the embryonic site. The
larger spheroid produces a lower SAR distribution, with
the small spheroid-plus-sphere producing the lowest
SARs.

0.45
Occupational Limit
/040
90 MHz 46-j112 —w
0.35 ; 90 MHz layered —— - -
0.30 4 80 MHz layered — —

100 MHz 71 7-j159.8 ——

0.05 Non-Occupational Limit

internal SAR distribution (W kg-

0.00 -~ ; y —— -
-0.04 -0.03-0.02-0.01 0.00 0.01 0.02 0.03 0.04
Y axis (m)

Fig. 7. (a) SAR distribution at embryonic site along x-axis using spheroidal models of small mother at and
near resonance. (b) SAR distribution at embryonic site along y-axis using spheroidal models of small mother

at and near resonance.
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Fig. 8. (Left) SAR distribution at embryonic site along x-axis using different-shaped models of small mother
at resonance. (Right) SAR distribution at embryonic site along y-axis using different-shaped models of small

mother at resonance.

Table 2. Comparison of estimates of SAR at fetal site.
SAR (W kg™') at depths

below the skin
Frequency

Model (MHz) 20cm  5cm  10cm
Layered sphere 300 0.17 0.08 0.030
Layered sphere 600 0.22 0.07 0.012
Layered sphere 900 0.22 0.05  0.006
Layered sphere 1200 0.16 0.03  0.002
Layered sphere 1500 0.10 0.02 0.001
Layered spheroid 300 0.11 0.05  0.009
Layered cylinder 300 0.08 0.03  0.006

While attempting to verify this result, the authors
consider that this seemingly anomalous effect may be
due to differences in the local curvature radius of the
mother’s body overlying the embryonic site for the three
cases. The thin spheroid has the largest curvature ra-
dius, the wide spheroid is intermediate, and the curva-
ture of the sphere is smallest, apparently being more
able than the wide spheroid to interfere with the whole-
body resonance caused by the spheroidal shape alone.

Microwave partial-body resonance

The effect of late pregnancy at microwave frequen-
cies was now investigated using a number of different
models, assuming ah.incident plane wave of 1 mW
cm™2 All results were later scaled to account for the

ramps that occur with both the IRPA and ANSI stand-
ards (Fig. 1). ‘

The electrical size and associated computational
effort necessary for examining the whole body above
about 300 MHz prevent use of a model involving the
complete body, top to bottom. Instead, the localized
region including the fetus and surrounding tissues must
suffice for this case. In the first instance, the partially
hemispherical geometry of late pregnancy can be ex-
amined using a spherical model, the assumption being
that the fetal region will be dominated by localized
tissue effects.

Initially, the multilayered Mie series program,
SCAT?2, provided results across a sweep of frequencies
from 300-1500 MHz. The spherical models of mother
and fetus included layers of skin, fat, uterus (dielectric
constant chosen as equivalent to muscle), and a ho-
mogeneous interior of blood and muscle representing
the fetus, placenta, and amniotic fluid (since these
tissues are not dissimilar from an electromagnetic point
of view). Sphere sizes ranging from 14-20-cm radius
were checked, representing a wide variation across preg-
nancies. Layer thicknesses used were 4 mm for skin, 10
mm for fat, and 6 mm for the uterus.

The internal SAR in the direction of propagation
at 600 MHz is shown in Fig. 5 for a 15-cm-radius
sphere. At this frequency, the maximum fetal exposure,
0.22 W kg™', occurred at a depth of 20 mm (the inside
of the uterine wall). At this depth in tissue, the devel-
oping fetus will only have one side of its body absorbing
at this level.

Table 2 shows how the local SAR varies with depth
in tissue. A 15-point grid was used to estimate the
whole-body averaged exposure over the entire fetal
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body. The grid’s points within the spherical volume
were chosen to correspond to points within the fetus as
it lay in the fetal position, head up and curled inside
the uterus, with its face pointing away from the moth-
er’s abdomen. The points were about 3-6 cm apart in
all directions (x, y, and z) and spanned a portion of the
inner layer of the spherical model. In this way, the
whole-body averaged SAR was estimated to be 0.096
W kg~! at 600 MHz. Similar results were found at
frequencies ranging from 300 MHz up to 1500 MHz,
as shown in Table 2.

Tables 3, 4, and 5 show the estimated whole-body
averaged fetal SARs when applying the IRPA, ANSI,

August 1992, Volume 63, Number 2

and SAA occupational limits at each frequency. Whil¢
these results were obtained using a 15-cm sphere, i
should be noted that smaller spherical models produce
larger internal fields. Photographic data show that loca
curvatures of radius can be 13.5 cm and perhaps lower
Overlying tissues can be thinner than 2 cm, even a
thin as 1 cm (Carson 1988), further increasing the
possible fetal exposure.

ABSBOR was used to test other related geometries
such as small spheroids and cylinders, to see what effec
the rest of the body or differing local curvatures mighr
have. These tests showed that the curvature due to ¢
layered spherical model produced the highest interna

Table 3. Comparison of estimated fetal exposures at microwave frequencies with IRPA RFR exposure

guidelines.
Occupational Occupational Nonoccupational Estimated fetal
Frequency power density SAR limit SAR limit exposure
(MHz) (mW cm™) Wkg™) (Wkg™) (W kg™
300 1.00 0.4 0.08 0.094
600 1.50 04 0.08 0.144
900 2.25 04 0.08 0.203
1200 3.00 0.4 0.08 0.202
1500 3.75 0.4 0.08 0.158

Table 4. Comparison of estimated fetal exposures at microwave frequencies with ANSI RFR exposure limits.

Controlled Controlled Uncontrolled
environment environment environment Estimated fetal

Frequency power density SAR limit SAR limit exposure

(MHz) (mW cm™?) (Wkg™) Wkg™) (Wkg™
300 1.0 0.4 0.08 0.094
600 2.0 0.4 0.08 0.192
900 3.0 0.4 0.08 0.271
1200 4.0 0.4 0.08 0.269
1500 5.0 0.4 0.08 0.211

Table 5. Comparison of estimated fetal exposures at microwave frequencies with SAA RFR exposure limits.

Occupational, Occupational Nonoccupational Estimated fetal

Frequency power density SAR limit SAR limit exposure

(MHz) (mW cm) W ke™) (W ke™) (W k™)
300 1.0 0.400 0.080 0.094
600 1.0 0.116 0.023 0.096
900 1.0 0.100 0.020 0.090
1200 1.0 0.092 0.018 0.067
1500 1.0 0.086 0.017 0.042




Embryo and fetus radiation absorption @ A. H. J. FLEMING AND K. H. JOYNER 157

SAR distribution. At 300 MHz, a small layered sphe-
roid of similar radius to the layered spheres (with a
height-to-width ratio of 1.5:1) and a cylinder of similar
dimensions were investigated. The results, shown in
Fig. 6 and listed in Table 2, suggest that actual fetal
exposures during late pregnancy will be somewhat
lower than the results obtained using spherical-layered
models.

CONCLUSIONS

Numerical estimates indicate that in early preg-
nancy, due to whole-body resonance between 80-100
MHz, the embryo may be exposed to SAR levels above
recommended general population limits for IRPA,
ANSI, and SAA if the mother is exposed to occupa-
tional limits. The results also indicate that absorption
levels at whole-body resonance are affected by body
shape and that the shape of early pregnancy produces
the most enhanced internal fields. Body shape due to
later stages of pregnancy reduces this level of absorp-
tion.

As to the microwave effect in late pregnancy, esti-
mates across a range of frequencies from about 300-
1500 MHz indicate that similar exposures above gen-
eral population limits for IRPA, ANSI, and SAA are
possible. This partial-body resonance effect due to the
body shape of late pregnancy requires further quanti-
tative definition as the spherical model is only a first-
order representation of the actual case. The clectrical
size of this problem precluded a complete solution using
ABSBOR. The testing of shapes other than layered
spheres indicates that the actual exposure levels at the
fetal site in late pregnancy will be somewhat lower
when body shape effects are taken into account.

Further research in a number of areas is required
such as near-field effects and the presence of various
types of ground planes. It is hoped that recent devel-
opments in the CAP formulation can be used to inves-
tigate non-axisymmetric finite element models of preg-
nancy.

Given that legal opinion suggests that the unborn
child be treated as a member of the general community
and not be exposed above the nonoccupational limits,
standards-setting authorities should consider the incor-
poration of protective care of mother and child into
RFR exposure limits.
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APPENDIX
Coupled Azimuthal Potentials (CAP) Formulation

The CAP formulation has thus far been used to
solve structurally complex problems involving lossy
dielectrics (Morgan and Mei 1979; Morgan 1981), ob-
jects interacting with a ground plane (Chang and Mei
1981), and composites (Fleming 1990), to name a few.
The objects involved have been axisymmetric, although
use of Fourier analysis has allowed interactions of bod-
ies of revolution with plane wave and generalized ap-
erture sources to be analyzed.

For these axisymmetric objects, the inhomogene-
ous cross-sections are regions where both the shape and
the constitutive parameters are rotationally (¢) invar-
iant, er,0) = eer,0); u(r,0) = pou, (r,0). The axisym-
metric CAP formulation begins by rewriting Maxwell’s
time harmonic curl equations using a Fourier series for
the fields in the aximuthal coordinate, ¢, thus separat-
ing the azimuthal variable:

ER Z )= ¥ &x(R, Z)exp(jme)

m=—ow

(Ala)

AR, Z, &)= 3 TR, Z)exp(jmo). (ALD)

me=—o

After suitable algebraic manipulation of the result-
ing equations and substituting the modal CAP variables
Y1.m and ¥, , the result is:

Vi m = Reym (A2a)

Yo.m = Rhy,m. (A2D)

In terms of the azimuthal modal fields, the following
system of coupled second-order partial differential

equations is derived:
V. ReVE )+ md X V3 1,)]

+ e Vym/R=0 (A3a)
V. [fm(Rl-‘rv\I/Z,m - md; XV, )]
+u,¥2,m/R=0, (A3b)

where V, the cross-sectional gradient operator, is de-
fined by:

PO R
V=R=+7=
Roz+2 (Ada)
and Su=1[eAR, Z)uAR, Z)R*— m?]~".  (Adb)

Using an interpolant y* to approximate the fields
within each element by a piecewise polynomial repre-
sentation, Galerkin’s method (Fleming 1990) is applied
at all nodes NV, in the mesh description of the problem:

Nyi —
}'f’f W.|(T%)dd.=0 fori=1,N, (AS)
4,

where Ny, is a mesh-dependent function that describes
the elements associated with each node of the element
and W, is a weighting function. The vertical bars indi-
cate a nodal matrix of dimension N; X N;, and the
independent variable of integration is the area of each
element A..

_ In order to use this formulation for problems in-
volving infinite regions, the inhomogeneous finite ele-
ment mesh region was coupled to the surrounding
infinite exterior-free space region. This was done by
using a series of spherical harmonic functions repre-
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senting the plane wave applied at a semicircular con-
tour. A moment method was now used to numerically
enforce electromagnetic continuity between the two
regions. An internal homogeneous core region similarly
separated by a core semicircular contour was also used.
In this core region, spherical harmonics were again used
to obtain the fields.

For coupling with the CAP formulation, the sur-
faces that separate the regions can be of any shape that
permit the convenient orthogonal separation of the
azimuthal coordinate, ¢, into the spectral modes, /™.
In the present application, spheres and spherical har-
monics were used. In terms of these spherical harmonic
functions, the modal azimuthal fields may be written
in terms of the radial electric and magnetic vector
potential components, F,,, and A, .

1 8F, 1 %4, m
_ 1 0Fm . :
*m=7790 " jucrsing 9ré¢ (A62)
1 84, m 1 0°F, m
= —— = > A
Ho.m r a0 Jou rsinf drd¢ ’ (A6b)
where
N .
Fam="7" % amPr(cos 0)B,(krjexp(jme) (A60)
Ve, N . . )
Anm =— bmn Py (cos 0)Ba(kr)exp(jmé), (A6d)
NoK n=m

and where the complex propagation constant k =
«/;:, the impedance of free-space no = Vuo/ep = 1207
ohms, P; are Associated Legendre functions of the
first kind, B, are Ricatti spherical Bessel functions, N,,
is a truncation limit on the radial modal index », and
m is the azimuthal modal index. The modal coefficients
dmn and b, are determined to numerically enforce
continuity of the fields via the moment method. While
the previously mentioned form of the unimoment
method (Morgan and Mei 1979) works well with nearly

spherical objects, other three-dimensional orthogonal
systems may be used for other shapes such as thin wires,
where spherical harmonics are inefficient and converge
slowly. In this case, the hemispherical mesh is very
inefficient and comprises mainly free space. Objects
such as the human body could be better modeled using
spheroids and spheroidal harmonics.

Thus the finite element method employed was not
without its complications. As stated, spherical harmon-
ics were used to couple the exterior and interior (as-
sumed) homogeneous regions. This resulted in huge
computational overheads and increased errors for ob-
jects of large height-to-width ratios. Another problem
was the evidence of large errors along the z-axis due to
the use of derivative boundary conditions for the m =
1 mode along the z-axis and the fact that the high
eccentricities of the whole-body resonance computa-
tions and large, complex propagation constants inside
the body pushed the procedure and the computer upon
which they were performed to the limit of its numerical
precision and dynamic range. Hence only results for x-
and y-axis internal fields were useful.

Similarly, the size of the computations in terms of
the number of mesh points required for reasonable
accuracy meant that run times were often more than
1,000 minutes. Optimized inversion techniques or the
use of larger machines is required for further anatomical
resolution using the axisymmetric CAP formulation.

Recently efforts have been made to extend the basic
CAP formulation to more general three-dimensional
geometries (Morgan 1990; Fleming 1990). Apart from
the limitation of axisymmetry, one major drawback of
the fourier modal analysis noted during the present
extensive computations required by this paper was a
need for special functions of very high order which
demand high precision and large dynamic range. Efforts
to generalize the formulation may utilize more primi-
tive interpolants which should avoid such computa-

tional overheads.
HE



