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Abstract

This paper presents finite-difference time-domain (FDTD) calculations of
specific absorption rate (SAR) values in the head under plane-wave exposure
from 1 to 10 GHz using a resolution of 0.5 mm in adult male and female voxel
models. Temperature rise due to the power absorption is calculated by the
bioheat equation using a multigrid method solver. The computational accuracy
is investigated by repeating the calculations with resolutions of 1 mm and
2 mm and comparing the results. Cubically averaged 10 g SAR in the eyes and
brain and eye-averaged SAR are calculated and compared to the corresponding
temperature rise as well as the recommended limits for exposure. The results
suggest that 2 mm resolution should only be used for frequencies smaller than
2.5 GHz, and 1 mm resolution only under 5 GHz. Morphological differences
in models seemed to be an important cause of variation: differences in results
between the two different models were usually larger than the computational
error due to the grid resolution, and larger than the difference between the results
for open and closed eyes. Limiting the incident plane-wave power density to
smaller than 100 W m~2 was sufficient for ensuring that the temperature rise
in the eyes and brain were less than 1 °C in the whole frequency range.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Intense exposure to radio-frequency electromagnetic (EM) fields may cause heating of tissues
with potentially harmful effects. Recommendations which limit the exposure have been issued
by, for example, the International Commission on Non-Ionizing Radiation Protection (ICNIRP
1998) and the Institute of Electrical and Electronics Engineers (IEEE 2005). Temperature rise
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in the eyes under exposure to EM fields have been studied computationally for several different
scenarios, including far-field exposure (Bernardi et al 1998, Hirata et al 2000, Hirata et al
2002, Hirata et al 2007) as well as different near-field sources (Wainwright 2000, Hirata 2005,
Buccella et al 2007, Wainwright 2007, Flyckt et al 2007). Temperature rise due to cellular
phones has been studied several times and it has been concluded that significant temperature
rises in the brain are very unlikely (Leeuwen et al 1999, Wang and Fujiwara 1999, Bernardi
et al 2000, Gandhi er al 2001). Several studies have shown that spatially averaged SAR at
basic restriction limits may lead to temperature rise larger than 1 °C, which has been the basis
for the recommendations (Hirata er al 2007).

The majority of the studies have used a finite-difference time-domain (FDTD) method for
solving the electromagnetic problem and bioheat equation for thermal modelling. There are
various sources of uncertainty and variation in this kind of combined FDTD and temperature
simulations. Usually, the temperature rises have been small so thermoregulatory response has
been ignored which may have lead to overestimation. The temperature rises are affected by,
for example, the heat transfer model of the eye and value of choroidal blood flow (Wainwright
2007, Buccella et al 2007). Several causes of variation, such as eye mass, choroidal blood
flow, blood perfusion rate of the skin, were discussed in Hirata er al (2007). The vascularized
heat transfer model has been used instead of the bioheat equation (Leeuwen et al 1999,
Flyckt et al 2006, Flyckt et al 2007), and the bioheat equation has been shown to provide good
approximation of the more sophisticated model for low temperature rises. Especially in the case
of young children, some uncertainty may rise from the dielectric material parameters (Keshvari
et al 2006, Peyman et al 2009). SAR values also depend on how they are actually calculated;
because the description of SAR averaging in ICNIRP (1998) guidelines is somewhat vague,
various different SAR averaging methods have been considered in several studies (Hirata
et al 2006, Wainwright 2007, Flyckt et al 2007). If near-field exposure is studied, different
positioning of sources in different FDTD codes may produce significant variation in SAR
values (Beard et al 2006). One important source of variation is the morphological differences
in models. This has been discussed in several studies which employed more than one human
model, e.g. (Hirata et al 2007, Buccella et al 2007).

This study will focus on assessing how large is the uncertainty due to grid resolution
of the computational model. Previously, Mason et al (2000) studied plane-wave exposure of
visible human model up to 1.8 GHz. Altering voxel size from 3 mm? to 5 mm? had ‘very little’
influence on the whole-body SAR values. The effect of resolution on the whole-body SAR
and the peak spatial averaged SAR in the visible human model were also discussed in Kiihn
et al (2009) for 835 MHz and 2140 MHz. In that study, the difference between 1 mm and 2 mm
in the whole-body and spatial-peak SAR values was reported to be small. Effects of resolution
have also been presented by Dimbylow and Bolch (2007), who studied the whole-body SAR
in various child models up to 6 GHz. Their results suggested inter alia that 1 mm resolution
should be used instead of 2 mm for frequencies higher than ~1 GHz. SAR values tended
to become smaller when lower resolution was employed. Uusitupa et al (2008) studied the
whole-body SAR as well as the peak 10 g SAR at 900 MHz and 1800 MHz for 1.8 mm and
3.6 mm resolution whole-body model. According to their results, the effects of resolution are
affected by the SAR computation method and how the materials are set up in the FDTD grid.

In this study, simulations of SAR and temperature rise in the human head under plane-
wave exposure are performed. High 0.5 mm resolution adult male and female voxel models are
employed which allows whole-head simulations for frequencies as high as 10 GHz. Cubically
averaged 10 g SAR in the eyes and brain and eye-averaged SAR are calculated and compared
with the corresponding temperature rise values and exposure guidelines. The computational
accuracy is assessed by repeating the calculations with resolutions of 1 mm and 2 mm and
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comparing the results. The simulations are performed for three plane-wave incident angles
and for models with eyes opened or closed, which gives more data for comparison between
the resolutions and allows assessment of what kind of effects opening or closing the eyes has
on temperature rise and SAR. The uncertainty analysis of the resolution will be useful not
only for thermal calculations in the head but also for other FDTD-SAR simulations.

2. Methods and models

2.1. Finite-difference time-domain method

The widely used finite-difference time-domain (FDTD) method (Taflove and Hagness 2005)
was used to solve the absorbed electromagnetic power inside the head tissues. The employed
in-house FDTD code has been implemented in Fortran using MPI (message passing interface)
libraries for parallelization. The performance of the solver has been previously verified by
measurements (Ilvonen et al 2008). In terminating the computational domain, eight-cell
thick convolutional perfectly matched layer (CPML) boundary conditions (Roden and Gedney
2000) were used. The performance of PML for SAR calculations has been tested previously
in Findlay and Dimbylow (2006), Laakso et al (2007), where the computational uncertainty
due to the absorbing boundary conditions was found to be negligible in numerous different
cases.

The performance of the FDTD method is subject to discretization errors depending on the
ratio of cell resolution and wavelength A (Taflove and Hagness 2005). To maintain sufficient
accuracy, a rule-of-thumb value of A/10 for the maximum applicable cell size has been
commonly used for homogeneous media. Using a finer resolution provides better accuracy
and allows simulation of higher frequencies, but also needs more computer resources. For
example, halving the cell size increases memory requirements eight fold and doubles the
number of required time steps, resulting in 16 fold increase in operation count. In this study,
the largest simulations with a 0.5 mm head model took about 90 min using eight processing
cores in a supercomputer at CSC (Finnish IT Center for Science).

2.2. Bioheat equation

The temperature rise due to the absorption of electromagnetic power is in this study solved
by the bioheat equation (Pennes 1948). Assuming steady-state condition and ignoring
thermoregulatory response similar to Wainwright (2000), the equation for the temperature
rise AT is an elliptic equation of the form

V.- (kVAT)—BAT+5=0 @)
with boundary condition
OAT
k +HAT =0, 2
n

where k is the thermal conductivity, B is related to the blood perfusion rate, S is the
electromagnetic power-loss density calculated by FDTD and H is the heat transfer coefficient
from tissue to air. This thermal model is likely to cause overestimation of the temperature rise,
because of steady-state condition and ignoring thermoregulatory response. The overestimation
due to assuming steady-state condition may be assessed by considering that the temperature
during the rise to the steady state is approximately AT[1 — exp (—#/t)], where AT denotes
the steady-state temperature rise and 7 is the thermal time constant, which is typically about
6—8 min (Leeuwen et al 1999, Wang and Fujiwara 1999, Bernardi et al 2000).
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Table 1. Approximations of maximum applicable frequencies for different cell sizes in various
tissues determined by the ‘A/10’ rule of thumb. The vitreous humour tissue has the shortest
wavelength in the entire head. The average wavelength over the whole head does not include
internal air.

Tissue/cell size 2 mm 1 mm 0.5 mm
Vitreous humour 1.8GHz 3.7GHz 7.6 GHz
Muscle 2.1GHz 42GHz 9.0GHz
Grey matter 2.1GHz 44GHz 9.7GHz
Skin 24GHz 50GHz 109 GHz
‘White matter 25GHz 52GHz 11.6GHz

Average A over the wholehead 32GHz 6.8GHz 15.5GHz

The bioheat equation was discretized using the same rectangular grid which was used
in the FDTD simulations, with the unknown temperature nodes positioned in the centre
points of the cells. As discussed in Samaras et al (2006), use of such staircase grid produces
overestimation of heat transfer from body to air for curved boundaries. To reduce this staircase
error, a simplified version of the heat transfer correction by Neufeld e al (2007) was used in
this study. In this simplified scheme, the heat transfer coefficient H in (2) for each voxel on
the body-air boundary is scaled according to

H~ﬂ (3)
VN’

where N is the number of neighbouring air voxels and Hj is the original heat transfer coefficient.
The original conformal scheme by Neufeld et al (2007) requires information of the normal
vector of the non-staircased boundary at each boundary voxel. In the simplified scheme
this direction of the normal vector is approximated locally from the number of neighbouring
air voxels, e.g., if N = 3, the direction of the normal vector is on average likely to be
\/%(:I:l, 41, +1) which results in the heat transfer from the cell divided by /3. The main
advantage of the simplified scheme is easier implementation, and that the scheme can also be
used for models without information of the normal vector. Heat transfer to air is decreased,
so this approach gives conservative values compared to the uncorrected scheme.

The discretized equation was solved using the geometric multigrid method (Briggs
1987) with the Gauss—Seidel iteration which radically reduced the required computation time
compared to the plain Gauss—Seidel (or SOR) method. The thermal calculations needed much
less computational resources than the FDTD simulations: with an ordinary desktop computer
using one processing core, residual norm 107! could be attained in about 15 min for a
0.5 mm resolution head model.

2.3. Head models and material parameters

Two head models were employed in this study, namely the adult male and female models
from the Virtual Family Project (Christ et al 2009). The models are originally whole-body
CAD models, from which voxelized head models with resolutions of 2 mm, 1 mm and
0.5 mm have been produced. The CAD models are based on MRI images, differently to,
e.g. the electrogeometrical CAD model used in Buccella et al (2007). Electrical properties
of tissues for different frequencies were calculated using the data in Gabriel et al (1996).
Calculating the wavelengths and applying the ‘A/10’ rule of thumb for some important
tissues gives the approximate maximum frequencies for each resolution and tissue, shown in
table 1.
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Table 2. Thermal parameters and densities (p) of the main tissues.

k B P
Tissue W@meo)y™h) Wm0 (kgm)
Bone marrow 0.22 32000 1027
Brain grey matter 0.57 40000 1039
Brain white matter 0.50 40000 1043
Cartilage 0.47 9000 1100
Cerebrospinal fluid 0.62 0 1007
Eye cornea 0.58 0 1076
Eye lens 0.40 0 1090
Eye sclera/retina/choroid 0.58 80000 1032
Eye vitreous/aqueous humour  0.60 0 1009
Fat 0.25 1700 916
Mucosa 043 9000 1050
Muscle 0.50 2700 1041
Nerve 0.46 40000 1038
Skin 0.42 9100 1100
Skull 0.40 3400 1990

Thermal parameters of tissues were based on the values presented in Bernardi ez al (2003).
The parameters for main tissues are shown in table 2. The heat transfer coefficient Hy from
skin to air was 8 W (m? K)~! and the coefficient from cornea to air was 20 W (m? K)~!,
similar to, e.g. Hirata ez al (2007) and Wainwright (2007).

In the original models, the eyes are closed. For this study, eyes were opened by removing
the eyelids, so that the differences in absorbed power and temperature rise between open and
closed eyes could be studied. The masses of the right and left eyes are 6.7 g and 6.8 g for the
male model and 8.4 g and 8.7 g for the female model. The original models contain only the
sclera tissue without retina and choroid, due to the insufficient resolution for representing each
tissue separately. For the 0.5 mm resolution model, the thickness of the sclera is 1-1.5 mm.
In this study, this original sclera tissue is considered as a composite tissue, which consists
of sclera, retina and choroid. The blood perfusion of this composite tissue was chosen to be
80000 W (m K)~', the same as the lower value used in Hirata et al (2007).

2.4. Exposure scenario

In this study, plane waves are used as the exposure source. Plane waves allow easier comparison
between different resolutions than near-field sources, the construction and positioning of which
for different resolutions might bring additional uncertainty. Also, plane wave is likely to
produce a more evenly distributed power-loss density than near-field sources, so the resulting
temperature rise for the same averaged SAR value might be higher with plane waves (Buccella
et al 2007).

Three different incident directions are studied: from the front, from the front left, and from
‘upfront’ (from the front and from above), as illustrated in figure 1. Using multiple incident
angles give more data for the comparison between computational resolutions. Power density
of the incident plane wave is 100 W m~2, and it is vertically polarized. The power density
corresponds to maximum permissible exposure by IEEE (2005) for frequencies over 3 GHz
for people in controlled environments. The corresponding reference level for occupational
exposure by ICNIRP (1998) is more restrictive: for frequencies over 2 GHz the level is
50 Wm~2. Under 3 GHz and 2 GHz, respectively, the limits decrease linearly.
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Figure 1. Incident angles of the plane wave: from the front, from the front left and from ‘upfront’.

2.5. SAR averaging

ICNIRP (1998) guidelines use spatially averaged SAR for up to 10 GHz, but in the newer
recommendations by IEEE (2005) spatially averaged SAR is only used as the basis for basic
restriction limits for frequencies up to 3 GHz. The IEEE recommendations employ cubically
averaged SAR, that is, the maximum SAR averaged over a cubical voOlume of mass 10 g. In
this study, the averaging cubes are determined as described in IEEE (2002), and their sizes
are ‘fine-tuned’ as in Caputa et al (1999) so that their masses are exactly 10 g. By the method
of Caputa et al (1999), each averaging cube consists of a core cube of full voxels and an
outermost layer of fractions of voxels. Only the cubes whose centre point is located within the
eye or brain are taken into account. Actually, [EEE (2005) would require that the maximum
of cube-averaged SAR should be taken over the whole head. However, heat diffusion is only
a few centimetres at most (Hirata et al 2006), so we only study the maximum 10 g SAR
over the eye (or brain) which should be more closely related to the temperature rise in the
eye than the maximum over the whole head. The ICNIRP limits do not specify the shape of
the averaging volume, so the maximum cubically averaged SAR gives a lower bound for the
ICNIRP-averaged SAR.

In addition to the cubically averaged SAR, also eye-averaged SAR was considered. It is
calculated simply by dividing the total electromagnetic power loss in the eye by the eye mass.
Previously, eye-averaged SAR has been observed to be a good measure for the maximum
temperature rise in the eye for both near and far-field exposure setting, at least under 3 GHz
(Hirata 2005, Wainwright 2007, Hirata et al 2007).

3. Results

The results of the simulations are presented in this section. All results are plotted as a function
of frequency on a semi-logarithmic scale. Unless otherwise specified, only the results for the
0.5 mm resolution are shown.

3.1. SAR and temperature rise

Figures 2 and 3 show the averaged SAR values (cubically averaged and eye-averaged) in the
left eye and the corresponding temperature rise in the left lens for front and front left incident
angles, respectively. The upfront incident angle (not shown) gave smaller SAR values and
temperature rises in the eyes than the other two. As seen in the figures, the maximum
temperature rise in the lens always stayed under 1 °C when the power density of the incident
plane wave was 100 Wm~2. As can be seen in the figures, cubically averaged 10 g SAR

seems to correlate well with the temperature rise in the lens. Eye-averaged SAR was quite
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Figure 2. Averaged SAR (left) and the corresponding temperature rise (right) in the left lens for
the plane-wave incident from the front. The thin dashed curves in the left figure mean eye-averaged
SAR, and the corresponding thick solid curves are for the 10 g cubically averaged SAR.
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Figure 3. Averaged SAR (left) and the corresponding temperature rise (right) in the lens for the
plane-wave incident from the front left. The thin dashed curves in the left figure mean eye-averaged
SAR of the left eye. The thick solid curves are the 10 g cubically averaged SAR in the left eye
(upper four curves) and in the right eye (lower four).

similar to 10 g averaged SAR at low frequencies but gave significantly lower values at higher
frequencies. The maximum temperature rise over the whole eye (not shown) was always less
than 0.2 °C (0.05 °C on average) higher than the corresponding maximum temperature rise
in the lens. The use of staircase correction, as described in section 2.2 only had a minor effect
on the temperature rise, giving 2—11% higher temperatures in the lens than without correction.
The difference was slightly larger for open eyes and increased with frequency.

The peak 10 g averaged SAR and peak temperature rise in the brain are shown in figure 4.
The figure shows the results for all three incident angles and both models (open or closed eyes
did not affect the results). It seems that both SAR and temperature rise generally are slightly
smaller than the corresponding values in the eyes. Similar to the case of the eyes, the difference
between the results of male and female models is large. SAR values seem to decrease at high
frequencies, which can be attributed to the decreasing penetration depth and the fact that only
the averaging cubes whose centre points were located in the brain were considered.

Figure 5 shows the ratio of the peak 10 g cubically averaged SAR and the maximum
temperature rise in the lens and in the brain. In the eyes, the ratio was quite similar for all
incident angles and both eyes, so for each frequency and model, the shown values are averages
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Figure 4. Maximum cubically averaged SAR (left) and the corresponding maximum temperature
rise (right) in the brain for various incident angles.
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Figure 5. Left figure shows the ratio of maximum temperature rise in the lens and maximum
cubically averaged 10 g SAR in the eye. For each frequency and model, the shown values are
averages over the three incident angles and left and right eyes. The similar ratio for the brain is
shown in the right figure for various incident angles.

over six cases: the three incident angles and left and right eyes. The ratio in the lens seems to
be typically in the range 0.1-0.15, which is in line with previous studies (Hirata et al 2007). If
the ratio were calculated with respect to the eye-averaged SAR instead of 10 g SAR, it would
increase rapidly at frequencies higher than 3 GHz, as was also observed in Hirata et al (2007).
In the brain, the ratio seems to grow slightly at high frequencies, which is due to the fact that
SAR values decrease faster than the temperature rise. The female model gives significantly
higher ratios than the male model for front and upfront incident angles, which might be related

to the different anatomical details near the location of the maximum SAR and temperature
rise.

3.2. Effects of resolution

To study the effect of grid resolution, various averaged SAR key values and temperature rise
values calculated with lower resolutions were compared with the 0.5 mm resolution results,
which were considered the most accurate. For each frequency, a total of 24 (for brain: 6)
cases, i.e. both models, all three incident angles, left and right eyes, as well as open and
closed eyes, were considered. For each case, the ratio of 1 mm or 2 mm result value and the
corresponding 0.5 mm result was calculated, and the total range of variation for each frequency
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Figure 6. Range of variation of 2 mm and 1 mm results compared to 0.5 mm results for various
SAR values, 100% = 0.5 mm result. Maximum 10 g averaged SAR in the eyes (left), in the brain
(middle) and SAR averaged over the whole brain (right).
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Figure 7. Range of variation of 2 mm and 1 mm results compared to 0.5 mm results, 100% =
0.5 mm result. Maximum temperature rise in the lens (left), in the whole eye (middle) and in the
brain (right).

was determined. Figures 6 and 7 show the range of variation for some key SAR values and
temperature rise values, respectively. It seems that too low resolution will typically, but not
always, result in error which tends to cause underestimation of the SAR values, which is in
agreement with previously reported results (Dimbylow and Bolch 2007). This underestimation
seems to be more apparent for values which are averaged over large volumes, such as the whole
brain.

4. Discussion

Based on the results it is possible to derive empirical rules of thumb for sufficient resolution
for the calculation of averaged SAR values and temperature rise. By figures 6 and 7, it
seems that 2 mm resolution might be sufficient for frequencies smaller than 2.5-3 GHz, with
typical variation from 0.5 mm results less than 10%. The range of variation is smaller for the
1 mm resolution, and the maximum frequency seems to be 5 GHz, after which the results
start to diverge from the 0.5 mm results. Comparison with table 1 shows that these maximum
frequencies approximately match the ‘A/10’ rule of thumb for the ratio of cell size and the
wavelength for, e.g. the skin or brain tissues. It seems that if this rule is satisfied, uncertainty
in SAR and temperature values due to resolution is typically smaller than £10 %, which is
not negligible but may be small compared to the other possible sources of uncertainty such as
morphological differences in models.

In all the studied cases, incident power density 100 W m~2 ensured that the temperature
rise in the lens was less than 1 °C. Likewise, cubically averaged SAR values in the eye were
always smaller than 7 W kg~!. In the brain the temperature rise was always less than 0.6 °C
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and the peak 10 g SAR stayed below 4 W kg~!. Consequently, reference levels (ICNIRP 1998)
and maximum permissible exposure levels (IEEE 2005) seem to be conservative in the studied
cases, at least when only eyes and brain are considered. IEEE does not use SAR for frequencies
higher than 3 GHz because of low penetration depth of microwaves at high frequencies. Still,
cubically averaged 10 g SAR (IEEE 2002) seems to give good correlation with the temperature
rise. In the eyes, the ratio of 10 g cubically averaged SAR and the temperature rise stayed
relatively constant between 0.10 and 0.15 in the whole frequency range 1-10 GHz. In the
brain, the ratio was somewhat similar in magnitude, but it increased somewhat at the higher
frequencies, where the skin depth of the microwaves becomes smaller. It seems that maximum
10 g SAR of 10 W kg~! in the eyes or brain could cause temperature rises larger than 1 °C,
but it should be noted that the calculated values are likely to be overestimation of the real
temperature rise.

Cubically averaged 10 g SAR in the eyes seems to be more useful than eye-averaged SAR
in predicting the temperature rise in the lens. Both SAR values are quite similar in magnitude
at frequencies lower than 3 GHz. But unlike cubically averaged 10 g SAR in the eyes, eye-
averaged SAR decreases with frequency above 3 GHz as it does not take into account the
power absorption in the surrounding tissues near the front of the eye. However the maximum
temperature rise in the lens does not necessarily decrease. Consequently, eye-averaged SAR
does not seem to be a good measure for temperature rise for frequencies larger than 3 GHz,
which was also observed in Hirata et al (2007).

The two studied models are insufficient for making detailed conclusions on the effects
of morphological variation on the results, but it seems that the power absorption in the eyes
depends heavily on the anatomical details of the models. In particular, differences between
male and female models were larger than the effect of open or closed eyes, especially in the
lower end of the frequency range. Differences in results between the models were already large
in the SAR distributions and did not seem to become larger after the thermal calculation was
applied (figures 2 and 3), so it seems that morphological differences might not be as important
for thermal calculations as they are for SAR calculations. In this case, with the possible
thermoregulatory response ignored, closed eyes typically gave slightly higher temperature rise
for the same peak 10 g SAR than open eyes, because heat diffusion into air was smaller due
to the insulating eyelids. If the blood perfusion rate of the skin would be increased from
the used value of 9100 W (m? °C)~!, the difference would be likely to become smaller.

5. Conclusion

Anatomically realistic male and female human models were exposed to plane waves incident
from three directions. SAR and temperature rise in the eyes and brain were studied in the
frequency range from 1 to 10 GHz. The calculations were performed using 0.5 mm, 1 mm
and 2 mm resolutions, employing the FDTD method for the electromagnetic problem and the
bioheat equation with the geometric multigrid solver for the thermal problem.

The results suggest that 2 mm resolution should only be used for frequencies smaller than
2.5 GHz, and 1 mm resolution only under 5 GHz. Under these frequencies, the variation in
10 g SAR values from the results of 0.5 mm resolution was typically smaller than + 10%.
Morphological differences in models seemed to be an important cause for variation: differences
in results between the two different models were usually larger than the computational error
due to the grid resolution, and larger than the difference between the results for open and closed
eyes. The reference levels by ICNIRP and maximum permissible exposure limits by IEEE
seemed to be conservative in the sense that at the reference levels the temperature rise in the
eyes and brain was always less than 1 °C. On the other hand, the limits for cubically averaged
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10 g SAR might not be as conservative because SAR of 10 W kg~! in the eyes or in the
brain could cause temperature rises larger than 1 °C, which might however be overestimation
because of approximations in the thermal model.
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