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Abstract

This study calculated the temperature elevation in the rabbit eye caused by 2.45-GHz
near-field exposure systems. First, we calculated specific absorption rate distributions in the eye
for different antennas, and then compared them with those observed in previous studies. Next,
we re-examined the temperature elevation in the rabbit eye due to a horizontally-polarized
dipole antenna with a C-shaped director, which was used in a previous study. For our
computational results, we found that decisive factors of the SAR distribution in the rabbit eye
were the polarization of the EM wave and antenna aperture. Next, we quantified the eye average
SAR as 67 W/kg for the dipole antenna with an input power density at the eye surface of 150
mW/cm?, which was specified in the previous work as the minimum cataractogenic power
density. The effect of administrating anesthesia on the temperature elevation was 30% or so in
the above case. Additionally, the position where maximum temperature in the lens appears is
discussed due to different 2.45-GHz microwave systems. That position was found to appear
around the posterior of the lens regardless of the exposure condition, which indicates that the
original temperature distribution in the eye was the dominant factor.

Keywords—microwave-induced cataract, temperature elevation, bioheat equation, SAR
(specific absorption rate)



1. Introduction

In accordance with the rapid spread of wireless communication systems, there has been
increasing concern about adverse health effects due to microwave (MW) energy. For MW
near-field exposures, safety standards/guidelines limit the peak spatial-average specific
absorption rate (SAR) (ICNIRP 1998, IEEE C95.1 2005). In the ICNIRP guidelines (1998), the
averaging mass is 10 g and the limit is 2.0 W/kg for public exposure. The background of this
prescript is to prevent thermal damage in sensitive tissues from excess temperature elevation
during partial-body MW exposure.

Substantial attention has been paid to eye tissues, since it has been reported that MW energy
causes a variety of ocular abnormalities, including cataracts, due to high-intensity exposure
(Elder 2003). Kramar et al. (1975) discussed MW-induced cataractogenic mechanisms using
hypothermic rabbits. They concluded that temperature elevation is essential to produce a
cataractogenic effect. Another work by the same group is referenced in the ICNIRP guidelines
as one of the key papers. Guy et al. (1975) investigated the effects of MW energy on the lens of
New Zealand White rabbits under systemic anesthesia. The minimum power density for cataract
was determined to be 150 mW/cm? for duration of 100 min. Note that the threshold power
density of MW depends on the time duration. In the above MW exposure, the peak local (or
point) SAR was experimentally specified as 138 W/kg. However, that work did not quantify eye
average SAR or peak spatial-average SAR, which is used as a measure for human protection in
current guidelines/standards (ICNIRP 1998, IEEE C95.1 2005). These studies triggered many
researchers to further investigate MW-induced cataracts (e.g., Guy et al. 1975; Kramar et al.
1975, 1978, Carpenter 1979, McAfee et al 1983, Barber 1990, Kamimura et al. 1994). In such
works, different types of exposure systems, species, and conditions were adopted by different
groups, complicating this research field. It is worth pointing out that rabbits were anesthetized
in Guy et al. (1975) and Kramar et al. (1975). Our group paid attention to this point, and then
measured temperature elevations in rabbit eyes with and without systemic anesthesia for MW
near-field exposure (Kojima et al. 2004). Note that in the latter case local anesthesia was
administered on the eye only. A major finding was that much higher temperatures were observed
in the eyes of anesthetized than in those of unanesthetized rabbits. In order to give some insight
into this problem, we developed a thermal computation model for rabbits (Hirata et al. 2006).
Computational results in comparison with measurement then suggested that the
thermoregulatory response of the anesthetized rabbit would be inactivated, together with
reductions in blood perfusion and basal metabolism.

This study computationally investigated the temperature distribution in the rabbit eye due to
MW irradiated from different 2.45-GHz MW exposure systems under the condition with and
without anesthesia. Our thermal computation model for rabbits (Hirata et al. 2006) was used in



this analysis. Much attention was paid to the difference in SAR and temperature elevation due
to different exposure antennas in the previous works. Particularly, this study quantified the eye
average SAR due to an exposure system used in Guy et al. (1975), in order to bridge current
guidelines (ICNIRP 1998) and the findings in that work (Guy et al. 1975). In addition, this study
discussed the position where maximum temperature in the lens appears due to 2.45GHz-MW
exposure systems.

2. Computational Model and Methods
2.1 Rabbit Phantom

An anatomically-based rabbit phantom with a resolution of 1 mm was considered in this study.
This phantom was constructed on the basis of X-ray CT images for male pigmented rabbits
(Dutch, 2.5 kg), which were taken at Kanazawa Medical University, Japan (Wake et al. 2002).
The dimension of the phantom is 154 (W) X 325 (D) X 190 (H) cells. It is noteworthy that the
thicknesses of most eye tissues, such as retina, choroid, and so forth are smaller than the spatial
resolution of the phantom. Thus, the retina, choroid, and sclera were considered as a compound
tissue, and their average electrical and thermal constants were used in our calculation. Similarly,
the iris and ciliary body were treated as a compound tissue. The developed model is comprised
of 12 tissues: skin, muscle, bone, fat, brain, CSF, anterior chamber, vitreous cavity,
retina/choroid/sclera, iris/ciliary body, lens, and cornea. Retina/choroid/sclera was further
classified into two based on the blood perfusion rate (Hirata et al. 2006). The eye model with a
coordinate system is given in Fig. 1. The mass of the left eye, on which MW was irradiated, is
31g.

2.2 Computational Method

The FDTD (Finite-Difference Time-Domain) method (Taflove and Hagness 2005) was used
for investigating MW energy absorbed in the rabbit phantom. For the truncation of
computational region, we adopted 12-layered perfectly matched layers as the absorbing
boundary. In order to incorporate the rabbit phantom into the FDTD scheme, the electric
constants of tissues are required. They are determined with the aid of the 4-Cole-Cole
extrapolation (Gabriel 1996).

Temperature variation in the rabbit phantom was followed in the time domain by solving the
bio-heat equation (Pennes 1948). The SAR obtained by the FDTD method is substituted into the
bio-heat equation as the heat source. Let us give some review of our thermal computation model.
A generalized bioheat equation is given by the following equation:
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where T'(r,?) and T,(r,t) denote the temperatures of tissue and blood, respectively, where
r and ¢ are the position vector and the time. C represents the specific heat of tissue, K the
thermal conductivity of tissue, 4 the basal metabolism per unit volume, and B the term
associated with blood perfusion. The thermal parameters of rabbit tissues were estimated on the
basis of their water content, together with a comparison between computed and measured
temperatures (Hirata et al. 2006). When neglecting the sweating effect (Marai et al. 2002), the
boundary condition between air and tissue for Eq. (1) is given by the following equation:
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where H, T,, and T, denote, respectively, the heat transfer coefficient including the effect of
radiative and convective heat loss, body surface temperature, and air temperature. For taking
into account body-core temperature elevation in the bioheat equation, it is reasonable to
consider the blood temperature as a variable of time 7,(r,7) =T7,(¢): namely, the blood
temperature is assumed to be spatially constant over the whole body, since the blood circulates
throughout the human body in one minute or less (Follow and Neil 1971). Then, the blood
temperature variation is given by the following equation (Bernardi et al. 2003):
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where T, and Qgr are the blood temperature given at the initial state and the net rate of heat

acquisition of blood from body tissues. Cp (=4000 J/kg-°C), pg (<1050 kg/m®), and V;
denote the specific heat, mass density, and total volume of blood, respectively. The effectiveness
of this formula was confirmed by comparing with the measured rectal temperature elevation
(Hirata et al. 2006). In the present study, the blood temperature T, is chosen as 39.3°C, which
is average rectal temperature of the pigmented rabbit (Dutch) (Experimental Data Book 1998).
Our formula for thermoregulatory response is mainly based on the works by Spiegel (1984),
Hoque and Gandhi (1988), and Bernardi et al. (2003). These studies paid attention to the
thermoregulatory response of humans. For this reason, we have verified the applicability of such
computation models to rabbits through a parametric study (Hirata et al. 2006).

In the case without anesthesia, the dependency of blood perfusion rate on tissue temperature
was considered as thermoregulatory response: namely the term associated with the blood
perfusion rate was treated as the function of temperature elevation. In the case with systemic
anesthesia, on the other hand, the thermoregulation is equated with inactivation. Then, the blood
perfusion rate and basal metabolism were reduced by 20% over the whole body (Hirata et al.



2006). Note that anesthetic depth depends on individuals and body parts (Tuma et al. 1981), and
thus the computational result with above reduction ratio would include some uncertainty. Our
computational results, however, would give insight on standard behavior of rabbit temperature
elevation due to MW energy, since representative measured data were used to determine thermal
parameters of tissues, excluding the outlying value from more than ten sample data (Hirata et al.
2006). Additional point to be stressed here is that our modeling is that unlike previous works
that focused on eye temperature elevations (Emery et al. 1975; Lagendjik 1982; Hirata et al.
2000), this computation model takes into account the whole body model, and then body-core
temperature (blood temperature) is changed with time.

2.3. Wave Sources

As wave sources, we considered a dielectric-filled waveguide antenna (Wake et al. 2002), a
dipole antenna with a C-shaped reflector (Guy et al. 1974) which was used in Guy et al. (1975),
and a plane wave. The horizontal (H) and vertical (V) polarizations were considered. Note that
we define the horizontal and vertical polarizations as defined in Fig. 2. The frequency
considered in this study is limited to 2.45 GHz since most previous studies investigated
microwave-induced cataract at this frequency (Guy et al 1975; Carpenter 1979; Kamimura et al
1994, e.g.). In our computation, MW was incident perpendicular to the eye surface. Fig. 2
illustrates (a) a dipole antenna with a C-shaped reflector and (b) a waveguide antenna. The
distances d were 50 mm (Guy et al. 1975) and 30 mm (Wake et al. 2002), respectively. At these
antenna-eye separations, the input impedance of the dipole antenna with the C-shaped reflector
was changed due to the presence of the rabbit. Taking into account the reflection due to the
rabbit, the power density at the eye surface was compensated. On the other hand, such
degradation of antenna output power was marginally observed in the latter antenna. In the
following discussion, the power density of MW is defined at the eye surface for the near-field
exposure systems.

3. Computational Results
3.1. Effect of Wave Sources on Eye SAR

Figs. 3 (a) and (b) show the one-dimensional SAR distributions in the eye along the x-axis for
the vertical and horizontal polarizations, respectively. Incident power density at the eye surface
is 1.0 mW/cm?. The origin of the coordinate system was on the eye surface. Measured results in
Guy et al. (1975) are also plotted for comparison. Note that New Zealand White rabbits were
used in Guy et al. (1975), while pigmented rabbits (Dutch) were considered in the present study.
The body weight of the former (4 kg) is larger than that of the latter (2.5 kg), while there is no
clear difference in the eye diameter. As is evident from these figures, one of the dominant



factors determining the SAR distribution is the polarization of EM waves, although the eyeball
is almost a sphere. It is known that the polarization effect on SAR in humans becomes obvious
when the dimensions of body, body parts, or organs are comparable to the wavelength (Gandhi
1980; Hirata et al. 2000), which is attributed to a standing wave. The whole body resonates
electrically when the body dimension and the wavelength in free space are comparable (Gandhi
1980). In the case of the human eye (Hirata et al. 2000), a standing-wave in the eye was formed
around 2 GHz and the EM power absorption was dependent on the polarization and frequency
of the incident wave. Note that the eye diameter of the human is 24 mm, while that of the rabbit
is 17 mm. Thus, a standing wave in the eye could happen in case of rabbits at the frequency of
2.45 GHz. The SAR in the lens and vitreous cavity for the horizontal polarization was largest
for the plane wave, then for the dipole antenna with the reflector, followed by the waveguide
antenna. The reason for this discrepancy is the diffraction of EM waves. The aperture of the
dipole antenna with the reflector is larger than the waveguide antenna, as indicated in Fig. 2:
namely, the antenna aperture is a dominant factor for the SAR amplitude. The same tendency
was observed for SARs due to exposures with the vertical polarization. Note that this study does
not discuss the effect of frequency on the SAR distribution. The frequency is another dominant
factor which affects the SAR distribution: see computational dosimetry for human eye in Hirata
et al (2000), Flyckt e al (2007), Wainwright (2007).

The ratio of eye average SAR to whole-body average SAR is investigated for different
exposure systems with the vertical or horizontal polarizations. This index would be one of the
most important factors when discussing the localized MW exposure. The whole-body SAR is
close related to temperature elevation despite different SAR distribution (Hirata et al 2007). In
other words, this index suggests that the localized temperature elevation is realized without
whole-body temperature elevation. It is worth noting that the whole-body temperature elevation
may result in excessive thermal stress, resulting in death before microwave-induced cataract, as
Appleton et al. (1975) has shown for far-field exposure. On the other hand, even for localized
exposure with the dipole antenna with C-shaped director (Guy et al. 1975), the rectal
temperature elevation was observed. This would be because the total EM energy absorbed in
rabbit bodies could not be neglected even for intense localized exposure (see Yamaguchi et al.
2003 for rats, e.g.), which is attributed to a small dimension of rabbit body as compared with the
wavelength of MW. For the localized exposure to the eye with the waveguide antenna at the
power density of 300mW/cm?, the eye-average SAR and the whole-body average SAR were
92.2 W/kg and 1.29 W/kg, respectively. Based on such a calculation, the ratio of eye average
SAR to whole-body average SAR were calculated for different experimental systems and then
listed in Table 1. From this table, the ratio of eye average SAR to whole-body SAR was found
to be not easily predictable, since the polarization and antenna aperture affect both eye and body



SAR.

Verification of Thermal Modeling in Comparison with Previous Studies

Hirata et al.. [2006] developed a thermal computation model for rabbits in comparison with
computed and measured temperature elevations. For further verifying the effectiveness of our
thermal model, we compared with the result in Guy et al. (1975). We chose the case for the
incident power density of 150 mW/cm? for the duration of 100 min. In our calculation,
anesthetized and unanesthetized rabbits were considered. In our modeling for the anesthetized
rabbit, thermoregulatory response was ignored and metabolic rate was reduced by 20 % on the
basis of our measurements (Kojima et al. 2004; Hirata et al. 2006). It is worth noting that a
highly simplified heat transfer model was used in Guy et al. (1975): the eye was assumed to be
thermally isolated from the body (Emery et al. 1975; Lagendjik 1982), and the effect of
anesthesia on blood perfusion was not taken into account. On the other hand, heat transfer
coefficient was determined in comparison with the measurement. The computational error due
to this simplification is given in Hirata (2007). As seen from Fig. 4, the steady-state temperature
without MW exposure is in excellent agreement with that in Schwartz and Feller (1962). The
computed temperature after 100 min. passed with MW energy is in good agreement with that in
Guy et al. (1975). One of the main reasons for this small difference between the eye
temperatures would be caused by the difference in the body-core temperature elevation. This
difference in the body-core temperature would be caused by the difference in the body weight
between pigmented rabbits and New Zealand White rabbits. For localized exposure to the eye,
the total EM energy absorbed in rabbits does not differ so much even for different body weight.
On the other hand, more energy is required for a rabbit with larger weight, i.e., larger blood
volume, to elevate the blood temperature (see Eq. (3)).

Fig. 4 also suggests again that the temperature elevation is overestimated due to the
administration of anesthesia, just as in Hirata et al. (2006). The temperature elevation in the lens
was in the range of 2.6-7.8 °C with anesthesia, while 1.9-5.4 °C without anesthesia; namlely,
overestimation of temperature elevation when neglecting the thermoregulatory response was
30% or so in our computational model. Note that this magnitude of the overestimation would
depend on the anesthetic depth of individual rabbit, while it is out of the scope in the present
study to discuss the difference of temperature elevation caused by the individual anesthetic
depth. Since we used the numeric rabbit model based on Dutch, the body weight (2.5 kg) is
smaller than that in Guy et al (1975) of 4 kg. The whole-body SAR in Dutch would be larger
than that for the weight of 4 kg by 40% due to the difference in the weight. This rough
estimation would be reasonable since EM power is absorbed around the eye for localized
exposure. Note that the whole-body average SAR is a good measure for correlating the



body-core or blood temperature elevation (Hirata et al, 2007). Now the body-core temperature
or blood temperature elevation was 1.3 °C in this computational scenario, the body-core
temperature elevation in 4.0 kg rabbit would be 0.5 °C smaller than that in our calculation. This
difference in the body-core temperature would influence local temperature. Taking into account
this compensation, better agreement with Guy et al (1975) would be obtained.

3. 2. Temperature Elevation in Rabbit Eye Due to Localized Exposure Systems

Fig. 5 shows the temperature elevation at the center of the lens for different EM power
densities at the eye surface. As a wave source, the waveguide antenna with the vertical
polarization is used. As seen from this figure, the temperature elevates rapidly in the first 10
minutes, and then keeps elevating gradually with time. This result coincides with the results in
Guy et al. (1975). Fig. 6 shows the time evolution of blood temperature elevation due to the
waveguide antenna with the vertical polarization for different power densities. As seen from this
figure, the blood temperature elevates almost linearly with the time and power densities. The
reason why the body-core temperature keeps elevating is that the sweating effect in rabbits can
be neglected (Marai et al 2002).

Next, the position where the maximum temperature appears in the lens is investigated due to
different exposure system. The threshold temperature in the lens which induces cataract is said
to be 41-43 °C (Guy et al. 1975; Elder 2003). Fig. 7 shows the temperature distribution in the
eye after 60 min. passed with MW energy. The vertical polarization is chosen in this discussion.
The power density of MW at the eye surface is determined so that the maximum temperature in
the lens becomes 42 °C; 240 mW/cm? for the waveguide antenna, 140 mW/cm? for the dipole
antenna with the reflector, and 34 mwW/cm? for the plane wave, respectively. As seen from this
figure, the maximum temperature in the lens appears around its posterior for all three cases.
These positions coincide with the result in Guy et al. (1975), although the polarization and/or
exposure systems are different.

4. Discussion

Guy et al. (1975) specified the threshold power density of MW-induced cataract formation as
150 mW/cm? for duration of 100 minutes. At that time, the peak point SAR was estimated as
138 W/kg. The peak voxel SAR on the center line was 143 W/kg in our calculation, and was in
good agreement with that in the previous study. Note that peak voxel SAR in the whole eye of
our calculation was 168 W/kg. Using our 2.5 kg Dutch rabbit model, we estimated that the eye
SAR is 67 W/kg in the 4 kg white albino rabbits used in the Guy et al. (1975) study. Note that
the averaging mass does not coincide with that in the current guideline (ICNIRP 1998), as the
mass of the rabbit eye is 3.1 g.



In Guy et al. (1975), a cataract was formed in the posterior of the lens, and that position
coincides with that of maximum temperature due to 2.45 GHz microwave energy, as shown in
Fig. 7. Let us discuss further the generality of this position for different sources.

First, the waveguide antenna with the vertical polarization is chosen to investigate the effect of
incident power density. As the input power density, 100, 200, 300, and 400 mW/cm? were
considered. The duration of exposure was 60 min. Fig. 8 shows the temperature elevation
distribution in the eye normalized by the maximum temperature elevation at each incident EM
power density. The maximum temperature elevations for these power densities were 2.4, 4.3,
5.9, and 7.5 °C, suggesting the nonlinearity of temperature elevation due to thermoregulatory
response. From Fig. 8, the normalized temperature elevations in the eye were marginally
affected by the input power density despite of the physiological response and body-core
temperature elevation. The difference of up to 5% was observed in the retina/choroid/sclera and
fat/muscle, while smaller in the remaining eye part. This insensitivity of temperature elevation
distribution in the eye to the incident power density would be caused by the nonexistence of
blood perfusion in the humor and the lens. The thermoregulatory response considered in our
modeling is the temperature-dependent blood perfusion rate only, and thus does not affect the
temperature distribution in the eye so much. The above discussion implies that the temperature
distribution in the eye with MW energy is roughly estimated from the initial temperature
distribution and the temperature elevation due to MW energy for arbitrary power density.

Next, the temperature elevation due to MW energy is shown in Fig. 9 for different sources
with eye-average SAR of 1.0 W/kg. As seen from this figure, the temperature elevation
distribution depends on each exposure system. For the dipole antenna with the reflector, the
maximum temperature elevation appears around the posterior of the eye. The maximum
temperature due to MW energy never fails to appear around the posterior part of the eye, since
the maximum temperature in the lens at the initial state is at the posterior of the lens. For the
remaining sources, the maximum temperature elevation appears anterior or center part of the
lens. However, the temperature elevation distribution in the lens is rather uniform. The threshold
temperature in the lens which induces cataract is said to be 41-43 °C (Guy et al. 1975; Elder
2003). It is sufficient to consider temperature elevations of less than 7 °C since the
thermally-steady state temperature is 34 °C at the front of the lens and 36 °C at the back of the
lens, as seen from Fig. 4. For the temperature elevation less than 7°C, the effect of initial
temperature distribution could be a more dominant factor than the temperature elevation due to
MW energy. Although not shown here for avoiding repetition, the same tendency was observed
for the horizontal polarization. From these results, maximum temperature elevation in the lens
would appear around its posterior for different near-field and far-field exposure systems at 2.45
GHz.



5. SUMMARY

This study investigated temperature elevation in the rabbit eye due to 2.45-GHz near-field
exposure systems. Peak spatial-average SAR is used as a measure for human protection from
RF near-field exposures in safety guidelines (ICNIRP 1998), although its rationale is unclear.
One of the representative works was conducted by Guy et al. (1975), in which a minimal power
density for MW-induced cataract was specified. That work did not quantify peak spatial-average
SAR, which is used as a metric in current guidelines. In order to re-investigate this problem, we
used our thermal computation model (Hirata et al. 2006), which takes into account the whole
rabbit phantom and the blood temperature variation.

First, we calculated the SAR distributions for different antennas and compared them with
those in previous papers, and found that dominant factors determining the SAR distribution in
the eye are the polarization of the EM wave and antenna aperture at 2.45 GHz. For the dipole
antenna with the C-shaped reflector used in Guy et al. (1975), eye averaged SAR in Guy et al.
(1975) was estimated as 67 W/Kkg.

Next, we re-examined temperature elevation in the rabbit eye due to the horizontally-polarized
dipole antenna with the reflector. Our computed temperature distribution was in good agreement
with that in Guy et al. (1975). The effect of administrating anesthesia on temperature elevation
was also estimated, since anesthesia was applied in Guy et al. (1975). The computational results
suggested that the administration of the anesthesia causes the overestimation of temperature
elevation in the lens by 30% or so.

Furthermore, we discussed the position where a maximum temperature in the lens appears for
2.45-GHz microwave energy, since it appears around the posterior in the Guy’s work. That that
position was found to appear around its posterior for all exposure systems considered in this
study including near-field and far-field sources. The dominant factor was caused by the
steady-state temperature without MW exposure.

In Kramar et al. (1978), cataracts were formed in rabbit eyes, while not in monkey eyes. The
authors in that study attributed this difference to different structure around the eye. In future
work, we will examine the temperature elevation in the human eye by extrapolating our
developed thermal model for rabbits to humans.
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Table & Figure Captions

Tab. 1. Ratio of eye-average SAR to whole body average SAR for (i) plane wave, (ii)
dipole antenna with C-shaped director, and (iii) waveguide antenna.

Fig. 1. Top view of rabbit model across the center of left eye with the coordinate system with
the definition of x-axis.

Fig. 2. View of (a) dipole antenna with C-shaped reflector with horizontal polarization and (b)
dielectric-filled waveguide antenna with vertical polarization.

Fig. 3. SAR distributions in rabbit eye for different sources: (a) horizontal and (b) vertical
polarizations. Regions I, II, 1ll, and IV correspond to cornea/ anterior chamber, lens, and
vitreous cavity, fat/muscle layer, respectively.

Fig. 4. Temperature distribution in the eye with and without MW energy due to the dipole
antenna with the reflector (100 min. 150mW/cm?). In our computation, anesthetized and
unanesthetized conditions are considered. Refer to Fig.3 for the definition of I, 11, 11, and IV.

Fig. 5. Time evolution of temperature at the center cell of lens for different power densities due
to waveguide antenna with vertical polarization.

Fig. 6. Time evolution of blood temperature elevation due to waveguide antenna with the
vertical polarization for different power densities.

Fig. 7. Temperature distribution in the eye due to different exposure systems (240 mW/cm? for
the waveguide antenna, 140 mW/cm? for the dipole antenna with the reflector, and 34 mW/cm?
for the plane wave). Refer to Fig.3 for the definition of I, 11, Il and IV.

Fig. 8. Temperature elevation in the eye normalized by maximum temperature rise in the eye for
different EM power densities. Refer to Fig.3 for the definition of I, I1, 111 and 1V.

Fig. 9. Temperature elevation distribution in the eye at the thermally-steady state. The
eye-average SAR was 1W/kg. Refer to Fig.3 for the definition of I, II, 111 and V.
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