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A useful resource for
a new specific-absorption-rate
assessment model.

high-resolution realistic human head model for the
human exposure assessment of the specific absorp-
tion rate (SAR) is presented in this article. To our best
knowledge, this model is the first Chinese electromag-
netic (EM) human head model (CMODEL). The model is
built using the first Chinese Visible Human (CVH) data set
containing 3,640 serial axial anatomical images. In particular,
the model has a voxel resolution of 0.16 x 0.16 x 0.25 mm? for
the head part and 0.16 x 0.16 x 0.5 mm?® for the shoulder part.
Such a high-resolution model allows for an accurate simula-
tion of 49 different tissues and organs for the SAR assess-
ment. A numerical investigation concerning the detailed SAR
distribution of the standard specific anthropomorphic man-
nequin (SAM) model, the popular but low-resolution HUGO
model, and this CMODEL is conducted and involves expos-
ing the three models to radiation from the same dual-band
antenna, and this investigation demonstrates the usefulness of
a high-resolution EM human head model. For the sake of com-
parison, the eye models that are extracted from the CMODEL
and HUGO models, which are illuminated by a one-half
wavelength dipole antenna, are employed to demonstrate the
advantage of the CMODEL for the SAR assessment.
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In the past few decades, EM energy absorption through
wave-radiation exposure and its effects on the human body
has been a tremendous public health concern. Mobile
phones that cause EM exposure while being held closely to
the human head is one category of concern, and most coun-
tries have legally regulated safety guidelines and exposure
limits. Many studies have calculated the radio frequency
(RF) SAR in a human body exposed to an EM field [1]-[7].
Computational methods for assessing the SAR have also
drawn a great deal of attention from international standard

committees such as IEEE Standards Coordinating Commit-
tees 34 and 28 (ICES), which have accepted the finite-dif-
ference time-domain (FDTD) method [8], [9] as a suitable
assessment scheme.

Although a computed SAR
value is accepted by the EM
community, calculated SAR dis-
tribution can be uncertain due
to a number of factors, including
the implementation of numerical
algorithms, modeling radiating
sources, and human head mod-
els. The human head model is the
largest cause for result discrepan-
cies in reports produced for any
given mobile-phone model and
numerical method. In fact, the
feature size, number of tissues,
and resolution of the model have
important roles in SAR calcula-
tions. In the late 1970s, the form
of the human body was essen-
tially equated to a configuration
of homogenous prolate spheroids,
ellipsoids, and cylinders. Then,
layered tissue models [10] con-
sisting of a few types of tissues
with different dielectric proper-
ties were used to approximate
the human anatomy. By increas-
ing the number of tissue layers,
a systematic refinement of the
model can be obtained. Recently,
a number of realistic partial or
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whole-body human models have
been reported in the literature
(see Table 1). BABY and CHILD
are the first examples of voxel
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tomographic models created from computed tomography
(CT) data, containing 256 x 256 pixels per slice. BABY
consists of 142 slices, and CHILD has 144 slices of images
[11]. The German Research Center for Environmental
Health is developing a library of voxel phantoms [16], [17],
[26], [27]. The most detailed voxel model created to date
is the VIP-Man, which was constructed from anatomical
data generated from the Visible Human Project (VHP)
of the U.S. National Library of Medicine [28]. The color
photographs from the VHP have been used to segment
approximately 1,400 different structures with a resolu-
tion of 0.33 x 0.33 x 1 mm? in the VIP-Man model [19].
A few voxel Asian phantoms have also been developed
in Japan [20], [22], [24], South Korea [23], [29], [30], and
China [25]. The Chinese CNMAN male model [25] was
constructed from color photographs of the first CVH data
set [31], [32] with a voxel size of 0.16 x 0.16 x 1 mm?, con-
sisting of 29 tissues or organs for the whole body. All of the
aforementioned voxel models were developed and reported
for radiation protection purposes. For SAR calculations,
a few anatomy voxel models are available in the commu-
nity. The popular HUGO model [33] with a resolution of
1 x 1 x 1 mm?® was built based on the VHP data set. The
NORMAN model, developed in 1995, was created from
a set of magnetic resonance imaging (MRI) scans with a
resolution of 2.04 x 2.04 x 1.95 mm® and was segmented
into 30 different tissue types. Enhanced high-resolution,
whole-body human models of the virtual family, available
through the Foundation for Research on Information Tech-
nologies in Society, consist of four novel anatomical whole-
body models [34]. The resolution of the family models is
0.5 x 0.5 x 1 mm? for the head and 0.9 x 0.9 x 2 mm? for
the trunk and limbs.

In this article, we further discuss the development of
the CMODEL, which was designed based on the female
model in the CVH data set [31], [32]. The applications of the
CMODEL and how it may be used for SAR calculations is
also numerically explored. Additionally, the images in the
CVH data set originate from photos of a milled human speci-
men, and at a resolution of 3,072 x 2,048 pixels, the images
are much clearer than those obtained by using a CT or MRI
scan [32].

MODEL DESCRIPTION

We developed the CMODEL at The Third Military Medical
University and The Chinese University of Hong Kong [31],
[32], having originally based it on the axial anatomical color
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TABLE 1. THE EXISTING VOXEL HUMAN MODELS.

Slice
Reference In-Plane Thickness ArraySize  Number  Number
Model and Year Images Ethnic Group Resolution (mm®)  (mm) (pixels/in)  ofSlices  of Tissues
BABY [11] 1988 cT Caucasian  0.85x0.85 4 256 X 256 142 54
CHILD [11] 1988 CcT Caucasian  1.54x 1.54 8 256 x 256 144 64
VoxelMan [11],1211992 CT Caucasian  1x1 0.5 head, 256 X256 129 45
1.0 body
NORMAN [14],[15] 1995 MRI Caucasian  2.04 x 2.04 1.95 256 x 256 871 37
Golem [16],[171 1998 CT Caucasian  2.08 x 2.08 8 256 x 256 220 29
ADELAIDE [18] 1999 cT Caucasian  2.53x2.53 10 128x 128 54 26
VIP-Man [19] 2000 Color Caucasian  0.33x 033 1 2,048 x 1,871 36 body,
photos 1,216 20 (24) head

Otoko [20] 2001 CcT Caucasian  0.98 x0.98 10 512x 512 N/A 26 body
UF Newborn  [21] 2002 CcT Caucasian ~ 0.59x0.59 1 512x 512 485 43

UF Two [21] 2002 CcT Caucasian  0.488x0.488 1.25 512x 512 438 43
Months

Nagaoka [22] 2004 MRI Japanese 09375x 09375 2 256 X 256 866 51

head, 1.875 x
1.875 body

KOR-Man [23] 2004 MRI/CT  Korean 2x2 5 300x 150 344 29

JM Phantom  [24] 2006 cT Japanese 0.98 x 0.98 1 512x 512 N/A 32
CNMAN [25] 2007 Color Chinese 0.16 X 0.16 0.5 head, 3,072 X 1,795 29

photos  male 1.0 body 2,048
CMODEL [This work] Color Chinese 0.16 X 0.16 0.25head, 3,072x 950 49 head
2008 photos  female 0.5 body 2,048 head

CT, computer tomography; MRI, magnetic resonance imaging.

photos of the CVH female data set. To ensure the integrity of
the images and to avoid losing fine structures, such as teeth,
nasal conchae, and articular cartilage from the milling surface,
the photos were taken in a frozen chamber. Two sets of CVH
data were produced: one for a male and one for a female. The
first CMODEL is based on the CVH female data set obtained
by 0.25-mm spacing for the head part and 0.5-mm spacing for

The high-resolution CMODEL head model with a
resolution of 0.16 x 0.16 x 0.25 mm? for the head part and
0.16 x 0.16 x 0.5 mm? for the shoulder part: (a) transparent
view and (b) cutting view.

rest of the model. There are a total of 3,640 serial slices across
the entire body, and each cross-section tag image file format
(TIFF) image contains 6,291,456 pixels. Thus, the CMODEL
voxel model can provide accurate EM simulation results
for SAR assessments. To the best of our knowledge, such a
high-resolution head model is the finest virtual human model
available for EM simulations to date. Figure 1 shows the
three-dimensional (3-D) head model, in which 49 biological
tissues can be identified. These biological objects are gener-
ated from the segmentation of 950 anatomical cross-sectional
images. All of the tissues have been associated to the corre-
sponding EM material characteristics according to published
data from the U.S. Federal Communications Commission
(FCC) [37], as listed in Table 2.

Two major considerations must be taken into account when
discretizing an object to be simulated: 1) an accurate descrip-
tion of the detailed physical features and 2) a low numerical
dispersion. To maintain a sufficiently low numerical dispersion
in numerical simulations, the grid size should be approximately
one-tenth of the wavelength. With the largest grid dimension
of 0.25 mm in the CMODEL, its highest frequency could be
120 GHz. The transparent cutting view of the computational
head model is shown in Figure 2, which includes 15 tissue types.
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TABLE 2. THE TISSUES IDENTIFIED IN THE CMODEL AND RELATED

TISSUES PROVIDED BY THE FCC.

Tissues Identified Tissues Provided

Tissues Identified

Tissues Provided

Number  inthe CMODEL by the FCC Number  inthe CMODEL by the FCC

1 Fattiness Fat (mean) 26 Sinus sagittalis superior Blood

2 Cancellous bone Cancellous bone 27 Sinus sagittalis inferior Blood

3 Cerebral white matter White matter 28 Sinus transversus left Blood

4 Cerebral gray matter Gray matter 29 Sinus transversus right Blood

5 Hippocampus Gray matter 30 Sinus rectus Blood

6 Gyrus dentatus Gray matter 31 Confluens sinuum Blood

7 Nucleus caudatus Gray matter 32 Sinus sigmoideus left Blood

8 Putamen Gray matter 33 Sinus sigmoideus right Blood

9 Globus pallidus Gray matter 34 Sinus occipitalis Blood

10 Corpus amygdaloideum  Gray matter 35 Spinal nerves Nerve (spinal cord)

1 Claustrum Gray matter 36 Spinal cord Nerve (spinal cord)

12 Thalamus dorsalis Gray matter 37 Lens nucleus Lens nucleus

13 Brain axis Gray matter 38 Nervus opticus left Nerve (spinal cord)

14 Substantia nigra left Gray matter left 39 Nervus opticus right Nerve (spinal cord)

15 Substantia nigra right Gray matter right 40 Cartilage Cartilages

16 Nucleus rubber right Gray matter 41 Tongue Tongue

17 Nucleus rubber left Grey matter 42 Lateral ventriculus Cerebro spinal fluid

18 Cerebellum Gray matter 43 Ventriculus tertius Cerebro spinal fluid

19 Nucleus dentatus left Gray matter 44 Ventriculus quartus Cerebro spinal fluid

20 Nucleus dentatus right Gray matter 45 Septum pellucidum Cerebro spinal fluid

21 Hypophysis Gray matter 46 Aqueductus Cerebro spinal fluid
mesencephali

22 Skin Skin (dry) 47 Canalis centralis Cerebro spinal fluid

23 Eyeball Eyeball (sclera) 48 Vitreous body Vitreous humor

24 Muscle (parallel fiber) Muscle (parallel fiber) 49 Thyroid thymus Thyroid thymus

25 Blood vessel Blood

FCC: Federal Communications Commission.

IMAGE SEGMENTATION

The most difficult steps toward obtaining computer-usable EM
human models are the segmentation and classification of the
raw image data. The first CMODEL was built by segmenting
the TIFF-formatted images of the CVH female model cross
section by cross section and manually identifying all of the vis-
ible biological tissues. In the segmentation procedure, if errors
are made while processing the raw data that was collected from
the CVH data set, then the errors must be corrected by opera-
tors who have thorough anatomical knowledge and who are
extensively familiar with the CVH data set. By using a hybrid
segmentation procedure of computer vision and manual inter-
vention, the various anatomical tissues and organs can be accu-
rately identified. For organs that are not easily distinguished,
manual intervention is necessary. Due to the complexity and
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Cutting views of the CMODEL with the detailed
features: (a) vertical and (b) horizontal cutting planes.
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intensiveness of the head structure, the segmentation with
manual intervention was very involved. As an example, an origi-
nal image and its segmented image are shown in Figure 3(a)
and (b), respectively. It is obvious that the manually segmented

Color photographs before and after segmentation:
(a) the original transversal photograph and (b) the same
slice after segmentation.

A filling procedure with different colors for
different tissues: (a) one tissue, (b) two tissues, (c) three
tissues, (d) four tissues, (e) five tissues, and (f) all tissues.

photograph in Figure 3(b) has a clear boundary compared to
the original.

IDENTIFICATION PROCESS

When identifying the distinct biological tissues, efficient path
selection tools must be used. After the tissue paths are drawn,
black and white colors are added to the images, and they are
exported in the binary image format. Once the binary images are
obtained, each identified tissue is filled with a single color. In the
filling process, some errors such as a wrong path attribute and an
overlap between two segmented regions may occur. Therefore,
the preliminary fillings need to be carefully verified and amend-
ed by comparing the preliminary filling results with the initial
segmented image. Figure 4 illustrates the filling procedure.

MODEL VALIDATION

To verify the physical objects, a 3-D visualization tool vali-
dates the assembly of the 2-D images by using them to
generate a 3-D model, which is done by converting the
transverse images into sagittal images. For the head model,
950 transverse images were converted into sagittal images,
as shown in Figure 5. From the sagittal images based on
the preliminary segmentation images, some saw-tooth-like

sjsfofofs s 6]
(a)

}

The procedure demonstration to convert
horizontal images into sagittal images: (a) horizontal section
images and (b) sagittal images.
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boundary contours were found in many tissues. To ensure a
high-precision model, the preliminary segmentation results
must be amended manually. Such a validation procedure
has been done in the coronal section images as well, which
assures that the model is accurate with realistic bound-
ary surfaces. To demonstrate the rich information of the
anatomical structure in the high-resolution CMODEL, the
details of the tissues around an eye are shown in Figure 6,
where 15 anatomic objects are identified.

To compare with the high-quality CMODEL, we plotted
the 3-D models of one eye extracted from both the CMOD-
EL [Figure 7(a)] and the HUGO [Figure 7(b)] model. There
is no question that a SAR assessment of the CMODEL will
generate more reliable results. We also show the ear and skin
difference in the CMODEL [Figure 8(a)] and the HUGO
model [Figure 8(b)], which has an important role in a SAR
assessment.

SAR ASSESSMENT

To demonstrate the usefulness of the high-resolution human
model, we conducted a comparison study of the calculation
of the SAR distribution for three different head models:
homogeneous SAM, HUGO, and CMODEL. To maintain
reasonable accuracy for results that were generated using
an ordinary computer facility, a cell dimension of 2 mm was
first tested. Having set the required resolution, a coarse
head model with a spatial resolution of 1.34 x 1.38 x 2 mm®
could be extracted from the CMODEL, which was then
prepared for calculating the SAR distribution caused by
a mobile-phone antenna in close vicinity. The antenna is
shown in Figure 9(a) and is located 1.5 cm away from the

FIGURE 6. The image in the upper left-hand corner is one
CMODEL cross section, and the right-hand image is the
zoomed localized area including one eye. The tissues around
the eyeball include region 1: eyeball; region 2: lens; region 3:
inferior rectus; region 4: external rectus muscle; region 5:
ethmoid bone; region 6: internal rectus muscle; region 7;
musculus obliquus superior; region 8: temporalis; region 9:
greater wing of sphenoid bone; region 10: orbital gyri;
region 11: optic nerve; region 12: temporal lobe; region 13:
lacuna between tissues; region 14: tarsal plate; and region 15:
buccinators.
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head model. The EM properties (¢, and o) of 15 major tis-
sues in the model can be obtained from FCC published data
[35]. The properties of the other 34 tissues were replaced
with similar tissues, as listed in Table 2.

The mobile-phone antenna in this study was a dual-band pla-
nar inverted-F antenna (PIFA), as shown in Figure 9(b). The
antenna structure of 14 x 40 x 100 mm?® was built on an FR4
substrate (&, =4.9,0 = 0.025 S/m). The dual-band antenna
works at the global system for the mobile communications band
(900 MHz) and the digital cellular system band (1,800 MHz).
The simulated return loss is shown in Figure 9(c).

For all of the following examples, the computational
domain includes the model with a white space of 20 cells
between the model and domain boundary, without special
mention. The convolutional perfectly matched layer [36]-[38]
is used to truncate the computational domain. The mesh
size is selected to be same size as the voxel resolution, and
the modulated Gaussian pulse is used to excite the dipole
antenna in the FDTD simulations. The simulations were car-
ried on a computer cluster that included 30 compute nodes
(a total of 60 Intel Xeon E5-2680 central processing units
and 7,680 GB of random access memory) connected using a
10-GB/s high-speed network.

"\

(a) (b)

FIGURE 7. The eye models extracted from (a) the CMODEL
and (b) the HUGO model.

(a) (b)

FIGURE 8. An ear with partial skin models extracted from
(a) the CMODEL and (b) the HUGO model.
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For a fair comparison, the total
radiated power for each case was
set at 1 W. The SAR distribution is
defined by
olEF

SAR = .
P

1)

where E is the computed elec-
tric field strength at a given fre-
quency and location, o is the
local conductivity inside the head
models, and p is the local den-
sity of the head tissue. Averaged
SAR distributions of 1 and 10 g
were obtained by integrating (1)

over a specified volume of a cube and normalizing to 1
and 10 g. Table 2 lists calculated maximum SAR values
using the head models SAM, HUGO, and the CMODEL.
All models were illuminated by the same PIFA at fre-

(a)

The discrepancy of the

quencies of 900 and 1,800 MHz,
respectively. The averaged
10-g SAR distributions at

distributions concerning 900 MHz of the SAM, HUGO,

and CMODEL head models are

Ihe a"eraQEd snn ‘,alues shown in Figures 10-12, respec-
over 1and 10 g of tissues tively. The cut plane that con-

shows the necessity for
using high-resolution
anatomy models for
realistic simulations.

Substrate

Shorting Strip

Ground

(b)

tained the maximum average
SAR was chosen for each model.
The discrepancy of the distribu-
tions concerning the averaged
SAR values over 1 and 10 g of tis-
sues shows the necessity for using
high-resolution anatomy models
for realistic simulations.

With the object-oriented CMODEL, the field distri-
bution over a specific object can be investigated. In
Figure 13, (a) shows the 10-g averaged SAR distribution
on the surface of the bones, and (b) presents the 10-g
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FIGURE 9. The CMODEL with a PIFA mobile antenna: (a) the CMODEL with the PIFA antenna near the ear, (b) the PIFA antenna

configuration, and (c) the return loss of the PIFA antenna.

Clamp to range: (Min: 8/ Max: 2)

Type SAR (rms)

Honitor SAR (£=0.9) [1] (16g) 1V
Maximum-3d  4.34433 W/kg at -70.1978 / 133.891 / -65.2669
Frequency 0.9

(@)

| Clamp to range: (Min: 0/ Max: 1)

Type SAR (rms)

Monitor SAR (£=8.9) [1] (16g) W

Plane at y 138.182

Maximum-2d 4.34428 W/kg at -81.5056 / 138.256 / -63.0326
Frequency 0.9

(b)

FIGURE 10.The 10-g averaged SAR distributions in the SAM model at 900 MHz: (a) the 3-D surface SAR distribution and (b) the

2-D SAR distribution in a cutting plane.
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averaged SAR distribution on
muscle tissues. Generally speak-
ing, the high-resolution CMOD-
EL can be used to calculate
the detailed SAR distribution
and the induced temperature
change within the certain tis-
sues of interest.

Today, more focus is given
to simulations that demonstrate
the effects of RF radiation on
more sensitive organs that are
located much closer to the work-
ing antenna, such as the eyes.
The eye models extracted from

Clamp to range: (Min: 0/ Hax: 2)|

Type SAR (rms)
Honitor SAR (F=0.9) [1] (10g)
Maxinum-3d  4.06212 W/kg at -59.5454 / -22.5218 / 778.729

Frequency 0.9

(@)

Today, more focus is
given to simulations
that demonstrate the
effects of RF radiation
on more sensitive
organs that are located
much closer to the
working antenna,

such as the eyes.

v’claw to range: (lﬂ;l: o/ ihx: 1;‘

Type
Monitor
Plane at z
Maxinun-2d
Frequency

SAR (rms)
SAR (F=0.9) [1] (10g)
778.729

the CMODEL and the HUGO
human head model were used
to investigate the SAR values for
eyes that are exposed to a dipole
antenna operating at 28 GHz,
which is commonly used in
fifth-generation communication
systems. The distance between
the eye model and the one-half-
wavelength dipole antenna is
2 mm. Figure 14 shows the 1-g
averaged SAR distribution over
the eye model. The 1-g averaged
SAR distributions at 28 GHz on
a cutting plane in the CMODEL

W/kg

1.00

0.746
0.576

0.331
0.244
0.175
0.12
0.0754

4.06208 W/kg at -71.0112 / -33.2857 / 778.563

(b)

FIGURE 11.The 10-g averaged SAR distributions in the HUGO model: (a) the 3-D surface SAR distribution and (b) the 2-D SAR

distribution in one cross section.

Clamp to range: (Min: 8/ Max: 2)

Type SAR (rms)
Type SAR (rms) Honitor SAR (£=0.9) [1] (16g)
Monitor SAR (F=0.9) [1] (108g) Plane at z -1
Maximum-3d  3.59767 W/kg at -87.114% / -25.186 / -13.7586 Haxinum-2d
Frequency 0.9 Frequency 0.9

(a)

Clamp to range: (Min: 6/ Max: 1)

3.58276 W/kg at -97.9405 / -37.8726 / -1.12394

(b)

FIGURE 12.The 10-g averaged SAR distributions in the CMODEL at 900 MHz: (a) the 3-D surface SAR distribution and (b) the SAR

distribution in one cutting plane.
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Type SAR (rms)
Monitor SAR (£=0.9) [1] (16g)
Maximum-3d 3.59767 W/kg at -87.114 / -25.186 / -13.7586

Frequency 8.9

(a)

Clamp to range: (Min: 8/ Max: 1)

Type SAR (rms)
Monitor SAR (F=8.9) [1] (16g)
Maximum-3d  3.59767 W/kg at -87.114 / -25.186 / -13.7586

Frequency 8.9

(b)

FIGURE 13.The 10-g averaged SAR distributions at 900 MHz in the CMODEL: in (a) bones and (b) muscle tissue.

331
30.1
271.1
24.1
21.1
18.1
15.1
12.1
9.04
6.03

3.01

(a)

(b)

FIGURE 14.The 1-g averaged SAR distributions at 28 GHz in human eye models: (a) the CMODEL and (b) the HUGO eye models.

and the HUGO model are plotted in Figure 15(a) and
(b), respectively.

To compare the difference between the CMODEL and
the HUGO model illuminated by a one-half-wavelength
dipole antenna for the SAR assessment, we calculated the
1-g peak SAR in the setting of Figure 14(a) and (b). The 1-g
peak SAR inside the HUGO model and CMODEL at fre-
quencies of 27, 27.5, 28, 28.5, and 29 GHz are summarized
in Figure 16.

CONCLUSIONS

This article describes a high-resolution human head model
(CMODEL) with a resolution of 0.16 x 0.16 x 0.25 mm? for
the head and 0.16 x 0.16 x 0.5 mm?® for the shoulder. A human
model with 49 tissue types can be used for SAR assessment as

well as for general purposes. The electric properties of tissues in
the CMODEL are same as those published by the FCC for SAR
assessment. A comparison of SAR distributions over the CMOD-
EL with the standard SAM model and the popular HUGO
model was investigated. The eye models extracted from CMOD-
EL and HUGO model were also investigated to compare SAR
assessments. The results demonstrate that the new high-resolu-
tion head model has advantages over existing models for accurate
SAR assessments.
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The resuits demonstrate
that the new high-
resolution head model
has advantages over
existing models for
accurate SAR assessments.
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FIGURE 15.The 1-g averaged SAR distributions at 28 GHz on one cutting plane: in (a) the CMODEL and (b) the HUGO eye models.
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