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Morphological study on human body absorption
Ccross section in a reverberation chamber from
1 GHz to 16 GHz

Xiaotian Zhang, Martin Robinson, Ian Flintoft, John Dawson, Sarah Parker

Abstract—The human body absorption cross section (ACS) is
important in non-ionizing radiation dosimetry, but it is always
hard to accurately evaluate the ACS of an individual from his
or her morphological parameters, such as height and weight. To
obtain an empirical formula that can evaluate the ACS from
morphological parameters, 48 subjects with different morpho-
logical parameters were measured from 1 GHz to 16 GHz in a
reverberation chamber. The ACS was extracted from the power
delay profile (PDP). This has the advantage of not requiring
antenna radiation efficiency, and it has not been used in a
wide-band group study like this before. The accuracy of the
ACS measurement is demonstrated by comparision with the
ACS of a spherical model with known structure and material,
and the mean absolute percentage error (MAPE) of the sphere
measurement is just 3.4%. Statistical analsysis shows that the
body surface area (BSA) has the strongest correlation with the
ACS amongst all the morphological parameters, therefore we
present a new empirical ACS formula as a function of BSA and
frequency. This will be of interest to those considering dosimetry,
and in computing the effect of human body absorption on radio
propagation in vehicles and other structures.

Index Terms—absorption cross section, anthropometry, inverse
Fourier transforms, reverberation chambers, nonionized dosime-
try

I. INTRODUCTION

The absorption cross section (ACS) of an object is its
equivalent area for collecting electromagnetic (EM) power
from incident waves. Knowledge of the human body ACS is
of fundamental importance in many applications, such as non-
ionizing radiation dosimetry, indoor radio channel modelling,
determining the interference between onboard electronic sys-
tems, etc. [1], [2], [3]. In the indoor multipath environment,
the power delay spread relies heavily on the properties and
numbers of absorbing objects presented in the room. Since
the human body is a lossy object, its influence on the power
delay spread can not be neglected [1]. Formulas showing the
relations of the power delay spread to the ACS are given in
[4]. This paper will focus on the ACS of the human body in a
diffuse (reverberant) EM environment. For simplicity, all the
ACS values mentioned in this paper are the averaged ACS in
diffuse field, unless otherwise stated.

The accurate determination of human body ACS is not
easy. It either requires expensive measurement instruments
or significant computational power, which is only found in
specialised facilities. For general researchers, a simple method
of quickly estimating human body ACS is desireable.

The aim of this research was to find an empirical formula
by which the human body ACS can be quickly evaluated from

morphological parameters, such as height, weight, body fat
percentage (BFP), etc. In order to obtain such a formula, 48
volunteers of different morphological types were recruited and
their ACS values were measured from 1 GHz to 16 GHz in a
reverberation chamber (RC).

There has been some previous research on the measurement
of human body ACS in diffuse environments, but due to the
complexity of the problem, they are not usually thorough
enough, and accurate wide-band group studies are scarce.
Melia et al. measured the ACS values of 60 adults in a RC,
but the ACS was determined from the net power transfer
function between two antennas which relies on knowledge of
the antenna radiation efficiency [5], [6] , and that is generally
not well known for most antennas. Bamba et al. determined
the ACS from the power delay profile (PDP) which, does not
require knowledge of the antenna radiation efficiency, but the
measurement was only performed on one subject at a single
frequency [2]. The wideband measurement of human body has
been performed by Seni¢ from 1 GHz to 8 GHz, but also on
one subject [7], [8].

Since the measurement of the PDP does not require knowl-
edge of the antenna radiation efficiency, all the ACS values
in this work are determined from the PDP. The PDP is
extracted from the inverse fast Fourier transform (IFFT) of the
So1 measured in the frequency domain, by a vector network
analyzer (VNA). This method can give accurate ACS results
even without the calibration of VNA [9].

The remainder of this paper is organized as follows: Section
II-A is a review on the theory and data processing techniques
in the ACS measurement; Section II-B demonstrates the ac-
curacy of the ACS measurement; Section II-C shows the pos-
ture’s effect on the human body ACS; Section II-D gives the
method of measuring morphological parameters; Discussions
on the group measurement of human body ACS are given in
Section III and the empirical formula for evaluating human
body ACS is also given in this section.

II. MEASURING THE HUMAN BODY ACS IN AN RC
A. Methods of measuring human body ACS in an RC

Reverberation chamber theory is decribed in detail by Hill
[10]. The important feature for this work is that an object
placed in a reverberation chamber is illuminated equally with
waves from all directions and of all polarisations with equal
probability, when measurements are averaged over a number
of stirrer positions and/or frequencies. The ACS in an RC can



be determined from the chamber quality factor, defined as [11],
[12]:

. (D

where () is the chamber quality factor, < - > means averaging
over different stirrer positions; w is angular frequency; E is
the EM energy stored in the RC; Py is the power dissipated
in the RC. If a lossy object with large ACS is placed in
an RC, P; will increase which makes the () factor become
smaller. Therefore the ACS of an object placed in an RC can
be obtained by measuring the change of the () factor [11],
[12]:
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where < o, > is the average ACS of the object over all
directions and polarisations; V' is the volume of the RC; A
is the wavelength; Qy, is the @ factor of the RC with the
lossy object; @y, is the @ factor of the RC without the lossy
object present.

The @ factor of an RC can be determined in two different
ways. The first way is to extract the () factor directly from
the S-parameters measured at the ports of two antennas loaded
in the chamber. The @ factor can be evaluated from the S-
parameters as [13], [12]:
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where 7nryx and nrx are the radiation efficiencies of the
transmitting antenna and receiving antenna. Determining the
@ factor using (3) requires 77 and nry to be known.

This problem can be solved by determining the @) factor
in the second way, where it is calculated from the chamber
power decay time constant 7 [10]:
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3)

The chamber time constant is usually extracted from the power
delay profile (PDP) which can be measured without knowledge
of the antenna radiation efficiency.

The PDP measured in an RC has an exponential form, which
is [10]:

PDPy, () = VZ exp(— ), )

where the subscript f, means the centre frequency at which
a band-limited PDP is measured; V; is a constant giving the
initial signal level, and its square is proportional to the initial
energy stored in the RC. If the PDP is plotted in decibels, it
is a straight line whose slope is determined by the value of
the chamber time constant [14]:
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For example, the PDPs measured in the University of York
(UoY) RC are illustrated in Fig. 1. The dashed line has a
steeper slope than the solid line, which shows the effect of
a human subject in the RC. The PDPs shown in Fig. 1 are
obtained from the inverse Fourier transform (IFFT) of the S5

t+20log,, Vs. (6)

-60 T

—— Empty Chamber
— — — Chamber loaded with human subject| |

-70f

-80

PDP dB
©
)

-100

-110

120 ‘ ‘ ‘ ‘
Time (118)
Fig. 1. The PDPs measured in the University of York RC at 10 GHz. Loading

a human subject (176 cm height, 70.2 kg weight) in the RC would increase
the energy loss speed.
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Fig. 2. The setup for human body ACS measurement. The subject lies on a
polystyrene block with height 0.4 m, which is greater than one wavelength at
1 GHz

filtered by a window function to select the required frequency
range:

PDPy, (t) =< ‘IFFT(Szl(f) . I/Vfo(f))’2 >, (7

where W, denotes the window function centred on f,. Here
fo = 10GHz and Wy, (f) is a 5 MHz wide, raised cosine
window [15]. Linear regression could be applied to the curves
in Fig. 1 to extract 7, from which the ) factor can be
determined and substituted into (2) to get the ACS. In order
to get an improved accuracy and speed of measurement we
have used the techniques described in [14]. This applies a
non-linear fitting techniques to extract the time-constant which
removes errors caused by the window function, the finite
nature of the transform and the noise floor. Also the segmented
sweep described in [14] is used to minimise the measurement
time, which is important for human subjects. The segmented
sweeping means we only sweep those frequencies which are
included in the band-limited IFFT.

A polystyrene block was used to support the human body at
least one wavelength above the ground and within the working
volume of the RC, where the field is properly uniform, as
shown in Fig. 2. This was not always done in the previous
research. The 48 human subjects under test (SUT) were asked
to hold a specific posture for each measurement, since the ACS
of an individual is highly dependent on his or her posture.



B. Validation of the ACS measurement techniques

In order to test the accuracy of the ACS measurement
techniques presented in the previous section, we measured the
ACS of a sphere model with known material and structure. We
choose a sphere because its ACS can be calculated analytically
by Mie series. The code of Mie series used in this research is
SPlaC v1.01 [16].

The sphere model is a high density polyethlene (HDPE)
spherical shell filled with deionized water. The thickness of
the shell measured, close to its rim, using a caliper, is 3.9 mm.
The relative permittivity of the spherical shell assumed to
be 2.35 [17]. The radius of the sphere is 193.6 mm, which
is determined from the circumference at the equator. The
dielectric properties of the deionized water is calculated using
Kaatze’s formula [18] with the room temperature equal to
20°C.

The measurement is conducted in the University of York
RC, which is a zinc galvanized room of dimension 4.7m x
3m X 2.37m. The measurement set-up is shown in Fig. 3.
Segmented frequency sweeping is applied with center frequen-
cies of the segments stepped linearly from 1 GHz to 16 GHz
with a step of 100 MHz. Each segments is 5 MHz wide
and the frequency points in each segment are 100 kHz apart.
It takes 11 minutes to record 800 sweeps during which the
stirrer roatates 360°. The ACS is extracted from chamber time
constant and the result is shown in Fig. 4. It can be seen that
the measurements match very well with the simulation. The
mean absolute percentage error (MAPE) of the measurement
is less than 3.4%. The MAPE of the measured ACS is defined
as:

MAPE(< 0o meas >) =
(‘ < Ua,meas(f) > =< Ua,Mie(f) >
mean

< Ua7Mie(f ) >
where < 0, meas(f) > is the measured ACS at frequency
f3 < oamie(f) > is the ACS calculated by Mie series at
frequency f; mean(-) denotes averaging over all frequencies.

D x 100%, (8)

As a comparison, the ACS of the sphere is also determined
by (3) with the same measurement set-up. Since the applica-
tion of (3) requires antenna radiation efficiency to be known,
both the values of 7 and 7 were set to 0.9 firstly, and then
to 1.0. In our experience, the radiation efficiencies of horn-
like antennas typically range form 0.9 to 1.0. The ACS results
given by (3) is plotted in Fig. 5. The MAPE of measured ACS
is 35.3% for n1x = n1x = 1.0; 12.9% for nrx = n1x = 0.9.
Both of them are larger than the MAPE of the ACS determined
by IFFT techniques. Even though the multiplication of 7y
and nrx can be solved by inserting (4) to the left side of (3),
this approach is pointless in comparing (3) and (4), because
substituting the obtained antenna efficiencies back into (3) will
produce exactly the same () factor as (4) does.

This validation experiment demonstrates the accuracy of
the measurement techniques, and we would use the same
techniques to measure the ACS of human body.

Fig. 3. The set-up for measuring the sphere model in the University of York
RC. The transmitting antenna (ETS 3117) and receiving antenna (ETS 3115)
are cross polarized and pointed away from each other to reduce the direct
coupling.
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Fig. 4. The ACS of the sphere model determined from the chamber time
constant compared to the analytical solution calculated by Mie series. A spline
curve is fitted to the measuremed result for easy comparison with the analytical
solution. De Bour’s approach is applied in the spline fit, with smoothing factor
of 0.5 [19].
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Fig. 5. The ACS of the sphere model determined directly from S-parameters
in the frequency domain.



TABLE I
THE AVERAGE FACTOR BY WHICH THE HUMAN BODY ACS IS CHANGED
DUE TO THE CHANGE OF POSTURES OVER THE FREQUENCY RANGE 1 GHz
TO 16 GHZ (RELATIVE TO THE ACS OF SUPINE-B)

Posture Male | Female
Sitting-A | 0.87 0.85
Sitting-B 0.95 0.92
Supine-A | 0.97 0.95
Supine-B 1.00 1.00
Supine-C 1.02 1.01

C. Effect of posture on the human body ACS

Previous studies have shown that the posture of human body
can change its ACS a lot. The numerical simulation conducted
by Uusitupa et al. shows a seated posture could decrease the
whole body specific absorption rate (SAR) by 10% comparing
to a standing posture [20].

In this section, a preliminary measurement was performed
to study the posture’s effect on the human body ACS. The
measurement setup is the same as that given in Fig. 2. A male
and a female subject were put under test. The male subject
is of 180 cm height, 84.5 kg weight. The female subject is
of 166 cm height, 55.3 kg weight. The five different postures
under test are shown in Fig. 6. The measurement result is
illustrated in Fig. 7 and Fig 8.

Fig. 7 and Fig. 8 show that for both subjects, the ACS curves
of five different postures do not have apparent differences in
shape, but different in the overall level. The reason for ACS
change could be the shadowing effect of limbs. For instance, in
the ’Sitting-A’ posture, the upper arms of the subject block the
illumination of EM waves on the side of rib cage; Switching
from ’Sitting-A’ to ’Sitting-B’ by rising arms allows better
exposure of rib cage in the EM field, thus an observable
change on the ACS is induced. The figures also show that
more stretched postures tend to have higher ACS in diffuse
environments. We choose ’Supine-B’ for all the subjects in the
group study, because it gives high exposure in the fields and
it is relatively comfortable to hold during the measurement.

Fig. 7 and Fig. 8 suggest that the posture tends to change the
human body ACS by a certain factor which is almost constant
from 1 GHz to 16 GHz. In order to obtain such a factor,
the ACS values of different postures are divided by the ACS
of ’Supine-B’, then averaged from 1 GHz to 16 GHz. The
results are given in Table. I. These results could be helpful in
evaluating the ACS of human body in different postures.

D. The measurement of morphological parameters

The following three morphological parameters are measured
in the study: height, weight, and averaged skin fold thickness;
The body mass index (BMI), body fat percentage (BFP), and
body surface area (BSA) are evaluated from the measured
morphological parameters using empirical formulas.

The height is measured using a tape-measure, and body
mass is measured by an electronic scale. The skin fold thick-
ness is measured with a slim guide caliper [21]. The caliper
has springs fixed on the jaws to maintain a constant pressure
during the measurement. The skin fold measurements were
performed at four positions: the triceps, the abdominal wall,

- Supine-C -.

Fig. 6. The human body positions under study. 1) Sitting-A: Regular sitting
pose with arms rest between the thighs; 2) Sitting-B: Regular sitting pose
with arms on the armrest; 3) Supine-A: Regular supine position; 4) Supine-
B: Supine position with hands far away from the midline. 5) Supine-C: Supine
position with arms raised over the subject’s head.

the thigh and the suprailiac crest. The skin fold measurement
was performed according to the International Standards of
Anthropometic Assessment and each measurement is repeated
three times [21]. The averaged skin fold thickness is taken by
averaging the twelve measurements.

The BFP is calculated from the summation of the skin fold
thicknesses using the 4-site formula [22], [23]:

2
BFP = 0.20288 Y . — 0.0005 (Z dsf) n
0.15845Y — 5.76377  (formale) , (9)
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Fig. 7. The measured ACS of a male subject with different body positions
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Fig. 8. The measured ACS of a female subject with different body positions

BFP = 0.20669 > du — 0.00043 (Z dsf)2 n

0.02963Y + 1.4072  (for female) , (10)

where > dg is the summation of the the skin fold reading at
the four sites in mm; Y is age in years.

The BSA is evaluated from the height and weight using the
Tikuisis formula [24]:

{BSA = 128.1m%44p0-60 (for men)

T
BSA = 147.4m%47h0-55 (for women) (b

where BSA is in cm?; m is body mass in kg; h is height

in cm. The overall relative root mean square (RMS) error of
(11) is 1.26% [24].

III. GROUP STUDY AND DISCUSSION

The 48 human SUTSs were recruited from the faculty mem-
bers and students in the Department of Electronic Engineering,
at the University of York. An overview of their morphological
parameters is in Table II and Table III.

The position of SUT and antennas is shown in Fig. 2.
The measurement procedure is the same as that in the val-
idation experiment presented in Section II-B. In order to

TABLE II
THE MORPHOLOGICAL PARAMETERS OF THE 33 MALE SUBJECTS
range mean | median
Age (Years) 19-58 27 24
Height (cm) 160-190 177 176
Weight (kg) 52.6-142.4 | 77.0 74.8
Averaged skin fold thickness (mm) 6.4-52.2 18.8 19.4
BSA (m?) 1.6-2.5 1.9 1.9
BMI (kg - m—2) 18.4-47.0 24.7 24.6
BFP (skin-fold method %) 4.9-37.0 14.8 15.2
TABLE III
THE MORPHOLOGICAL PARAMETERS OF THE 15 FEMALE SUBJECTS
range mean | median
Age (Years) 19-55 27 24
Height (cm) 158-169 164 166
Weight (kg) 43.5-72.3 | 56.3 55.1
Averaged skin fold thickness (mm) | 11.3-35.2 19.0 17.7
BSA (m?2) 1.4-1.8 1.62 1.62
BMI (kg - m—2) 17.0-26.9 | 20.8 20.3
BFP (skin-fold method %) 14.7-35.1 229 23.1

verify the effectiveness of the human body ACS measurement,
the measured ACS values of four SUTs are compared to
the documented ACS values of four human voxel models
with similar morphological parameters (NORMAN, NAOMI,
TARO, HANAKO) [25], [26], [27]. Even though we endeav-
oured to look for female SUTs that are of more similar BFP to
the voxel models than the current two SUTS, no such female
SUTs were found because their height and weight are very
different to the voxel models. The current two female SUTSs are
selected to maximize the plausibility of the comparison within
the scope of this research. All the morphological parameters,
including those of the voxel models and those of the SUTs,
are compared in Table IV. In the table, the morphological
parameters of the subjects are given in the column labelled
by ‘SUT’, and the subscript of ‘SUT’ gives the name of
the voxel model that has similar morphological parameters to
that subject. It is important to point out that the documented
ACS values of these voxel models are not calculated in a
diffuse environment, but with a plane wave incident on the
front of the model, with the direction of E-field parallel to
the model’s midline. According to the research of Flintoft, the
ACS values of voxel models calculated in this case should
still be comparable to the ACS values measured in diffuse
environments, if the ACS in diffuse environment is increased
by a certain factor [28]. In Fig. 10, the measured ACS values
of the four SUTs are all increased by a factor of 1.3, and
they all match well with the ACS values of the corresponding
voxel models. This factor 1.3 is slightly smaller than the range
1.4-1.6 given by Flintoft, because the postures of subjects
under test in Flintoft’s research is ’Sitting-A’, while in ours
is ’Supine-B’, as shown in Fig. 4. The RMS differences
between the ACS values of SUTs and the ACS values of
corresponding voxel models are: 0.05 m? for NORMAN, 0.03
m2 for NAOMI, 0.01 m? for TARO, 0.02 m? for HANAKO.

The correlation coefficients between the measured ACS val-
ues and morphological parameters are calculated from 1 GHz
to 16 GHz, and the results are illustrated in Fig. 11. The figure
shows that above 6 GHz, the BSA has the highest correlation



TABLE IV

THE MORPHOLOGICAL PARAMETERS OF VOXEL MODELS AND

CORRESPONDING SUBJECTS UNDER TEST

NORMAN SUTNoRMAN NAOMI SUTNaoMI
Height (cm) 176 176 163 163
Weight (kg) 73.01 722 59.88 60.7
BFP (%) 22 15 40 27
TARO SUTtARO HANAKO SUTHANAKO
Height (cm) 173 173 160 161
Weight (kg) 65 697 53 533
BFP (%) 22 18 31 23

coefficient to the measured ACS among all morphological
parameters, which can be explained by the low penetration
depth of EM wave into human tissues at high frequencies. For
instance, the penetration depth for dry skin is less then 1 cm
above 6 GHz [5].

Due to the strong correlation between the BSA and the
human body ACS, an empirical formula can be obtained by
linear regression:

< Oaeval(f) >= C1(f) x BSA + Ca(f) (12)
where < 0, eval(f) > denotes the evaluated human body ACS
in diffuse environments in m?; BSA is calculated by (11) and
converted into m? in this formula; C;(f) and Ca(f) are two
coefficients that vary with frequency.

C1(f) and Cy(f) are plotted in Fig. 12. The figure shows
the value of C3(f) is very close to zero above 6 GHz, which
means the BSA is almost the only factor that dominates the
ACS. However, below 6 GHz, C5(f) is not zero, which means
ACS might be determined by some other factors as well as the
BSA.

For the easy application of (12), the coefficients C;(f) and
Cs(f) are fitted to polynomials, and the results are:

C1(f) = —0.00278F3 + 0.03995 2 — 0.16958 f + 0.28820
Co(f) = 0.00465f3 — 0.05927 2 + 0.19557 f — 0.02444
f € [1GHz, 6GHz]

C1(f) = 0.00006 3 — 0.00274f2 + 0.03979 f — 0.04430
Ca(f) = —0.00013 3 + 0.00554 2 — 0.07335 f + 0.28879
f € (6 GHz, 18 GHz|
(13)

where f is frequency in GHz. Since the curve of Cy(f) has
a greater variation below 6 GHz than it does above 6 GHz,
the polynomial fitting of C (f) are performed below and over
6 GHz independently. Cy(f) is fitted in the same way for the
same reason. The results of polynomial fitting are also shown
in Fig. 12.

The goodness of the polynomial fitting is tested by substi-
tuting (13) back into (12) to evaluate the ACS values of the 48
subjects, and then calculate the MAPE of the evaluated ACS
relative to the measurement result. The MAPE of the evaluated
ACS of 48 sujects are plotted as the cumulative distribution
function (CDF) in Fig. 9. It shows that (12) gives ACS within
6% MAPE for 80% of the subject from 1 GHz to 16 GHz.
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Fig. 9. The MAPE(< 0aevai(f) >) plotted as cumulative distribution
function (CDF). The formula of < o eval(f) > is given in (12).
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Fig. 10. Comparison between the measured human body ACS and docu-
mented simulations results in [27]. The measured ACS values are all increased
by a factor of 1.3. In the legends, 'Name of Voxel Models;," denotes doc-
umented simulation result of the voxel model; *SUTName of Voxel Model . 1S the
measured ACS of the SUT who has similar morphological parameters to the
corresponding voxel model.

IV. CONCLUSIONS

In order to give an empirical formula for the human body
ACS in diffuse environment, the ACS of 48 human subjects
was measured in an RC from 1 GHz to 16 GHz. The
measurement techniques were verified by measuring the ACS
of a sphere model with known structure and material, and
the MAPE of the measurement result is only 3.4% relative
to the numerical calculation. The measurement technique was
applied in the preliminary study on effect of postures on the
human body ACS. The posture study shows the ACS values of
supine postures are at least 10% higher than the ACS values of
seating poses. Strong linear correlations were found between
BSA and ACS from 1 GHz to 16 GHz. Especially over 6 GHz,
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Fig. 11. Correlation coefficients between the human body ACS and morpho-
logical parameters from 1 GHz to 16 GHz. The ’Skin-fold thickness’ denotes
averaged skin fold thickness; 'BFP’ is calculated using formula (9) and (10)
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Fig. 12. 1 and C3 value over different frequencies

the correlation coefficients between ACS and BSA stays over
0.9. The correlation between the ACS and BFP is not clear.
Therefore the empirical formula of human body ACS is written
as a linear function of BSA from 1 GHz to 16 GHz. The
empirical formula fits well with the measurement data. For
more than 80% of the SUTs, the empircial formula gives the
ACS with less than 6% of MAPE relative to the corresponding
measurement results.
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