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Introduction

Human subject models
Methodologies in modeling
Applications

Pregnant woman exposed to walk-through metal detector

Pregnant woman under exposure to magnetic resonance imaging

Safety evaluation of metallic implants in magnetic resonance imaging
Interactions between medical implants and vehicular mounted antennas

Summary and future work
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Magnetic stimulation in human head (low frequency) \

e severe depression

e auditory hallucinations

e migraine headaches

e tinnitus

visualize the inside of living organisms
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*SAR (energy deposition)
Tissue

ubject o
eElectromagnetic and temperature analysis of high-frequency exposure

eTemperature (thermal distribution)
I heating

Energy

I deposition

body due to extremely-low-frequency exposure

J (current density) & E (electric field)

Induced

current

EM fields

EM fields
eCalculate induced current density and induced electric field in human
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Approach 1: Experimental measurement

disadvantages:

l.  difficult to make models.

Il. filling material is homogeneous.

|. difficult to make measurement equipments for various EM exposure.




Approach 2: Numerical simulation

CAD model
+ external EM source

Numerical
method

advantages:
|.  easy to make CAD models (difficult to make for experiments).

able to analyze inhomogeneous models
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Tissue parameters

64 MHz 128 MHz
Dielectric & thermal properties Tissue plko/m?] | olSiml | & | olSiml &
Body 1006 0.49 52.54 0.51 46.23
CAD Model (including different Placenta 1058 0.95 86.50 1.00 73.19
internal organs/tissues) Embryonic Fluid 1055 1.50 69.13 1.51 69.06
Bladder 1055 0.29 2459 0.30 2186
1 Bone 1990 0.06 16.69 0.067 14.72
Fetus 987 0.39 42.68 0.412 37.60
A55|gn tissue parameters for each Uterus 1052 001 92,19 0.961 2547
internal organs/tissues
c K B, A,
1 Tissue [J/kg/°C] [W/m/°C] [W/m3/°C] [W/m?]
Body 3270 043 2400 537
Final model (realistic human body) Placenta 1840 050 o o
Embryonic
\ Fluid 3840 0.50 0 0 1
i . . Bladder 3300 0.43 9000 1600 /
umerical simulation
\ Bone 1260 0.40 3300 /ﬁ
>
Fetus 3105 0.39 2250 461
Uterus 3430 051 6000 1075
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Modeling Techniques

Low frequency bio-electromagnetic modeling
— Impedance method ‘ Induced current & electric fields

High frequency bio-electromagnetic modeling
— Finite difference time domain (FDTD) method

‘ Specific absorption rate

Thermal modeling in bio-electromagnetic
— Finite difference solution of bio-heat equation
Temperature distribution

Equivalent source
‘ Generate required magnetic fields for impedance method

14




Method1: Impedance method lﬂl

eImpedance method
eEfficient for ELF calculation

eEasy to implement

Equivalent circuit network for impedance method
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Kirchhoff voltage equations
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Numerical validation example

radius=0.25m

0=0.1

B= 1 Tesla
freq=60 Hz

Induced electric field (V/m)
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Method 2: FDTD

Modeling of interaction of electromagnetic
fields with human bodies at high frequency

SAR (energy deposition)
Efficient numerical technique to solve electro- ot H H
magnetic wave problems -
& = lV «H-ZE
ot ¢ £

=Finite Difference Time Domain Method

=Direct solution method for Maxwell’s time dependent curl equations

=Avoids solving simultaneous equations -- matrix inversion

=Provides for complexities of structure shape and material composition

=\/ery easy to implement compared to FEM/MOM method

18
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Explicit update scheme

eEasy to implement

eAble to be parallelized
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Specific absorption rate (SAR) calculation
slE[  o(E[ +|E,[ +E[)
SAR = =
2p 2p
>
12-field components approach
A A
>
< . Exii,j,k + Exii,j+1,k + Exii,j,k+1 + Exfi,j+1,|«+1
Ex_center_i,j,k =
A

>
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60
FDTD method
| @ Analyical solution |
plane wave cylinder model 50 1
40+
e %30
z
20}
10+ 1
-(?_05 0 — 0.05
Distance(m) into the cylinder
e
Symbol Physical Property Value Units
r cylinder radius 0.05 m
plane wave incident power
P density 1000 W/m?
f plane wave frequency 2.45 GHz
£ relative permittivity 47 | -
o conductivity 2.21 S/m
0 mass density 1070 Kg/m?3
ax spatial resolution 0.5 mm
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® Thermal modeling/bio-heat equation
Temperature-rise computation
When a human subject in a thermal equilibrium state is exposed to EM fields, the
resultant temperature rises may be obtained from thermal modeling (bio-heat
equation), which takes into account such heat exchange mechanisms as heat

conduction, blood flow, and EM heating.

Bioheat transfer equation (BHTE): Symbaol Physical Property Units
aT T Temperature °C
L ) t continuons time g
C_,p—: KV-T + AY) —B(T _Tb)+QEM n surface normal -
at 2 mass density %]
QEM = pSAR| «<—| from FDTD calculation o epecific heat oL "J
car . K thermal conductivity ﬁ..—
Boundary condition: H, convective transfer constant ;i%;
6"‘ (for environmental ambient temperature) ]
K I H (T _T ) Ay basal metabolic rate T,;é_,]
on a a B blood perfusion constant B
LTS blood mass {ow rate I""";g]
T blood temperature [constant ) o
T, environment ambient temperature (constant) °C

22




Method 3: Thermal modeling llll

Modeling procedure

} —

calculation of basal temperature
E2 0
calculation of SAR
(Opyp *SAR)

} —

!

calculation of new temperature
O =0

} —

Steady state solution of
bio-heat equation

FDTD method for
Maxwell equation

Transient solution of
bio-heat equation

23




Method 3: Thermal modeling

plane wave cylinder model a4
—

42+ ®

40

Temperature(°C)
w
(5]

36+

34

32 .

Initial state(FDTD)

o [nitial state(Analytical)
-==-Steady state(FDTD)
+ Steady state(Analytical)

-0.05 0

]
'

Basal temperature Final temperature

0.05

Distance(m) into the cylinder

Temperature rise
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Method 4: Equivalent source llll

Types of walk-through metal detector

Alternative Choice: Measure the magnetic field at a few planes

A head-to-toe uniform
detection field Method 1. X-ray the walk-through detector

Method 2. Interpolation of the measured field

Method 3. Equivalent source modeling

Pinp\om'['B'E‘tELLiun
with DSP Chip




Method 4: Equivalent source

Illustration of magnetic field measurement

Walk Through
Metal Detector

Measurement Planes

Probe Holder

s

|
Reference Probe — |

100,

50

Measured Hx values at Plane 1 Measured Hx values at Plane 2

Measured Hz values at Plane 1 Measured Hz values at Plane 2

50




Method 4: Equivalent source

Equivalent source discretization and the coordinate system

Biot-Savart law

L%
X / \\\ . ] . -
—>T—> 1 // \B H=—B=V x A= J‘
—>T—> / AN 0
>, // g
—>T—> /T ad
—— / el 1
—PT—P // //// r’ /\
—> [—> L~ -
—— / Z H, a
y
This equivalent may not be the exact coil H I i

configurations but it can produce the
same magnetic fields as that of the real

coil configuration 4?2/ - m

Measured data

I(r')dI'x R
4n|R|

least square method

L

Equivalent
current
distribution
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lent source

Iva

Equ

Method 4

A numerical validation experiment

(magnetic fields generated by the two loop coils)
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ﬂ/lethod 4. Equivalent source lﬂl\

Equivalent source plane
1. Size
2. Mesh density

\_ /
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Method 4: Equivalent source
Convergence analysis

Z‘ H simulated H measured ‘

Z‘ H measured ‘

relativeerror =

1 0.8
0.9+ 0.7
0.8

06
0.7

o

>
o
(5

Relative Error
o
o

o
»

Relative Error
o
n

o

w

o
[41]
T

0.2
0.2
0.1 0.1+ 1
0 L L L L L 0 L L L L L |
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Width of Source Plane [meter] Number of grids along X-direction
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Method 4: Equivalent source
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Pregnant woman exposed to walk-through metal
detector

Applications

Pregnant woman under exposure to magnetic
resonance imaging

Safety evaluation of metallic implants in magnetic
resonance imaging

Interactions between medical implants and

vehicular mounted antennas /




Application 1: Safety assessment for WT%\

§

T -

-

Safety evaluation of walk-through metal detectors

e\Walk-through metal detectors are an important
part of airport security systems

eMetal detectors use the electromagnetic signal
variations as a means to detect metal objects

eStandard was developed based on male models,
no safety assessment was performed for
pregnant women

eInduced current strength should be used for
emission safety assessment (hard to directly
measure the induced current strength within
human subjects)

33



Application 1: Safety assessment for WT!?!\

Develop a procedure that can be used towards accurate safety assessments
for walk through metal detector electromagnetic emission

Measurement of magnetic fields

Represent the original walk-through metal
detector electromagnetic emission

Equivalent source

Able to calculate the magnetic field
distribution at any points within the human
subjects

valuate induced currents (impedance e - e
r&ethod) xtreme low frequency modeling }

N ‘ /

34




Application 1: Safety assessment for WT%\

equivalent current source

oAl
L
P
"
A
B Tt
LT
Ealo
-
r .
Pl
i
Pl
o
B
-

WTMD pylon

magnetic field

1.51
pal e
13F
1.2 Month1
----- Month2
1A === Month3
E Month4
5 1 Month5
% = Month&
08 Month?
== Month8
0.8} | =Month®
0.7
0.6
0.5 L 1 . . L L I}
0 0.1 0.2 0.3 04 05 06 0.7 0.8

Current Density [mA/mz]

Current density (mA/m?2)

ICNIRP Limit

2.0




Application 1: Safety assessment for WT%\

J: induced current density (mA/m?)
E: Induced electric field (mV/m)

Month1 Month2 Month3 Month4 Month5 Month6 Month7 Month8 Month9

J E J E J E J E J E J E J E J E J E

bladder | Tissue- | 0.18 1 0.88 | 0.17 | 0.82 [0.17| 0.84 | 0.17 | 0.83 [0.45]/2.15|10.5(2.41| 054 | 259 | 0.55 | 2.63 | 0.56 | 2.69
averaged

Maximum| 0.23 | 1.13 | 0.21 | 0.99 (0.21| 1.02 | 0.21 | 1.01 [0.46] 2.21 |0.49( 2.35| 0.51 | 244 | 049 | 2.37 | 051 | 2.44
(1cm2)

body Tissue- | 0.51 [ 2.24 [ 0.51 | 2.24 [0.52] 2.24 | 0.52 | 2.25(0.53] 2.31 |0.56| 2.44 | 0.58 | 253 | 0.58 | 2.54 [ 0.58 | 2.54
averaged

Maximum| 1.22 | 5.29 [ 1.22 | 5.29 |1.22] 5.29 | 1.22 | 5.29 |[1.23| 5.34 [1.61| 7.01 | 1.79 | 7.78 2 8.7 198 859
(1cm2)

bone Tissue- | 0.12 | 5.76 | 0.11 | 5.56 [0.12] 5.77 | 0.11 [ 5.65(0.2]9.79 10.21(10.36| 0.22 | 11.08 | 0.23 | 11.37 [ 0.23 | 11.51
averaged

Maximum| 0.54 | 27 | 0.53 [26.26(0.53| 26.27 | 0.54 [26.89| 0.6 |29.58]0.65(32.42| 0.69 | 34.17 | 0.67 | 33.3 | 0.69 | 34.01
(1cm2)

fetus Tissue- | 0.34 | 1.84 [ 0.31 | 1.68 [0.35| 1.9 0.32 | 1.7310.29| 1.57 {0.33] 1.79 | 0.36 | 1.93 | 0.38 | 2.03 [ 0.38| 2.02
averaged

Maximum| 0.31 | 1.65 | 0.64 | 3.42 (1.14] 6.1 1.16 | 6.22 | 1.9 110.23]|2.35(12.65| 2.79 | 15.01 | 3.09 | 16.61 | 3.06 | 16.45
(1cm2)

liquid Tissue- | 0.87 [ 0.58 | 0.9 | 0.6 [1.08] 0.72 | 1.27 | 0.84 (1.44] 0.96 |1.63[1.09| 1.83 | 122 | 205 | 1.37 [2.05| 1.37
averaged

Maximum| 0.83 | 0.55 | 0.91 | 0.61 [1.35] 0.9 1.57 (1.04 22147 12.8611.91| 3.34 | 223 | 3.64 | 242 |3.69| 2.46
(1cm2)

placenta | Tissue- | 0.41 [ 0.59 | 0.48 | 0.69 |0.56] 0.8 0.65 | 0.92 |0.62| 0.89 (0.69| 0.98 | 0.77 1.1 085 | 1.22 [(0.85| 1.22
averaged

Maximum| 0.65 | 0.92 | 0.68 | 0.97 [0.95] 1.35 1.1 1.58 [1.45] 2.07 [{1.96] 2.79 | 2.67 | 3.81 | 3.08 44 |3.12| 4.46
(1cm2)

uw Tissue- | 0.54 | 1.1 [ 0.54 | 1.09 (0.64| 1.3 0.64 | 1.31(0.72 1.47 |0.84]1.72| 099 | 2.03 | 1.12 | 2.28 | 1.12 2/6
averaged

“NWMaximum| 0.68 | 1.38 [ 0.74 [ 1.52 |1.12] 2.28 | 1.44 | 2.94 [1.78| 3.63 [2.01| 411 | 2.18 | 4.44 | 239 | 4.87 |2 [ 4.79
(1cm2)
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Maximum 1 cm? area-averaged current densities for fetus and surrounding tissues (quuid,\

placenta and uterus) could exceed the ICNIRP safety limit of

2 mA/m? beginning with the sixth month of pregnancy.
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Application 2: Pregnant women exposed to MRI I l\

Magnetic field

Computer

A

\  J

Receiver

Transmitter

A

Patient

RAW DATA MATRIX
I

Magnet Fourier transform

v

IMAGE 38
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Bevelop simulation models
ncluding human body and MRI

Methodology

RF coil
..

Calculate EM fields inside
axposed human subjects

Solve Maxwell’s equation by
means of finite-difference time
domain method

- .

Compute temperature rises of
tissues

SAR = —|Ef
2p

1

Solve Bio-heat equation:
oT

Co—= KVT + A~ BT -T,)+
MRI Operating Whole body SAR Local SAR;qq - Maximum
Normalize the simulated data ” mode (Wkg) Body (Wikg) | temperature (IC)
and compare them with the IEC Normal > e 390 ]
S ety llmlt' First level 4 10
\ controlled ’

40




MRI - - | “\

MRI RF birdcage coil model

74.3cm

4
Jzz.r [eml{~

64 & 128 MHz
Normal & first level controlled modes
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Normalized Maximum SAng(Wlkg)
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Normalized Maximurm SAng(\NJ‘kg)

Normalized Maximum SAngOkag)
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Fetus 64 MHz 128 MHz
Normal First level Normal First level controlled
Mode controlled mode Mode mode
SAR limit Not exceed Not exceed Not exceed Not exceed
Temperature
Month 1-4 limit Not exceed Not exceed Not exceed Not exceed
SAR limit Not exceed Exceed Not exceed Not exceed
Temperature
Month 5-9 limit Not exceed Not exceed Not exceed Not exceed

LBased on the results of this study, we recommend not performing MRI
procedures on pregnant women using the first level controlled mode. These results
can also be used towards developing safety standards for pregnant woman
undergoing an MRI.

LSAR and temperature rise distributions are quite different at the two MRI
operating frequencies. Such variation is caused by the different electric field
distributions generated by MRI coils at these two frequencies and it is also related
to the difference in dielectric parameters at these two frequencies.
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Leads

Suverior Vena C. ' Left Subclavian Vein Lml:lex:rllmln ? ¥ g
uperior Vena Cava 4 ‘ | / Conn 5 e
7’ 1} v 1
Ay
: iy
e [T ;‘f‘f
g

C—

i Right Ventricle Extensions ‘a-‘\
" ™
Right Atrium - {ﬁ
Tricuspid Valve ________ G
) Meurostimulator
Connections
Nourgstimulator
(Battary)

On May 10, 2005, in response to several reports of serious
injuries from medical facilities around the country, the FDA
issued a Public Health Notification reminding all medical
personnel of the importance of properly screening patients

for implanted neurological stimulators before administering
an.MRI
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Simulation model
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64MH:z

128MHz

170MHz

o

SAR (W/Kg)




Maximum SAR (W/kg) Maximum temperature rise (0C) Maximum temperature (0C)
64MHz 128MHz 170MHz 64MHz 128MHz 170MHz 64MHz 128MHz 170MHz
With| W/o |With| W/o | With | W/o | With | W/o [With| W/o [With| W/o | With | W/o | With | W/o | With | Wlo
blood | 647 | 639 [14.86| 1507 | 9.01 [ 87 | 091 [ 09 [ 1.72| 1.69 1 098 | 37.91| 379 | 38.72 | 3869 | 38 [37.68
bone | 24 [ 237 [ 29 | 293 | 325 [3.25| 249 | 248 | 269 | 275 | 2.1 | 2.11 [39.67 | 39.66 | 39.88 | 39.94 [ 39.29 |39.p9
brain | 0.19 | 0.18 [ 508 | 51 | 451 |455| 0.02 | 0.02 [ 055] 055 [ 046 | 046 |37.31|37.31| 37.85 |37.84 | 37.75 |37.(6
eye [0.05] 004 | 1.01 | 1.01 | 251 | 252 0.01 | 001 | 0.13 | 0.13 | 033 | 033 |37.01|37.01| 37.13 | 37.13 | 37.33 |37.83
heart | 6.49 | 095 | 444 | 325 | 321 | 241 1 0.05 [ 066 | 019 [ 048 | 013 |38.29 [37.35| 37.96 | 37.48 | 37.78 37.'12
Intestine
large [19.83| 22.02 [11.88| 11.92 [ 9.33 [9.35| 2.06 | 2.04 | 1.15| 1.14 | 1.03 | 1.03 | 375 | 37.5 | 37.45 | 37.45| 37.64 |37.64
Intestine
small [10.97| 10.86 | 9.44 | 9.48 | 10.11 [10.13| 1.71 1.7 | 118 | 1.17 [ 097 | 096 |37.61|37.62| 374 | 374 | 37.79 [37.f9
kidney | 3.11 [ 3.08 | 2.54 | 257 | 548 [5.52| 021 | 021 |0.15| 0.15 | 034 | 035 [38.95|38.94 | 38.28 | 38.27 | 38.32 |38.82
liver |555| 56 |[1.71| 174 | 7.9 |7.95| 032 [ 032 | 0.1 [ 0.1 |[049| 0.5 |[3844|3849| 38.72 |38.22| 38.76 |38.f6
lung | 844 | 877 [ 738 | 7.51 [11.31(11.43| 1.15 | 1.19 | 142 | 092 | 147 | 147 [39.41| 39.4 | 39.41 |38.95| 38.7 |38)7
uscle |24.53| 24.25 [19.02] 19.16 | 15.98 |16.08| 2.88 | 2.86 [ 216 | 187 [ 1.74 | 1.74 | 39 |38.99 | 38.47 |38.47 | 38.26 |38/26
S%ach 452 455 | 10.5 ] 10.61 | 12.96 |12.98] 0.6 | 0.62 | 12 | 1.16 | 1.49 | 1.49 | 37.89 | 37.9 | 38.49 | 38.44 | 38.77 77
winchaQ (3.27 | 346 | 694 | 698 | 2.86 | 2.84| 049 | 051 1 098 | 04 | 038 | 376 | 37.62 | 38.11 [ 38.09 | 37 37.49

—

48




NANrnnliratinrnn A NMoadi~al lrnmmnlanmtce vannth
HPP"\JQL'U" “~+. Ivicuiou Al ||||P|a||LD vvilill
environments

www.ecri.org ¢ Printed from Health Devices Alerts on Friday, February 13, 2009 Page 1

HO0053 - High Priority Medical Device Alert

Medical Device
Hazard Report
Updated: February 5,
2009

UMDNS Terms:

* Programmer/Testers,
Implantable Cardiac
Pacemaker [15993]

o Testers, Implantable
Defibrillator/Cardiover
ter [17377]

¢ Transmitter/Receiver
Systems, Telephone
[17602]

Suggested Distribution:

¢ Cardiology/Cardiac
Catheterization
Laboratory

¢ Clinical/Biomedical
Engineering

¢ CSR/Materials
Management

Interference with Wireless Programming of Boston

Scientific Implantable Cardiac Devices

Product Identifier:

(1) Model 3120 Zoom Latitude Programmers; (2) Cardiac Resynchronization Therapy
Defibrillators; (3) Tmplantable Cardioverter Defibrillators [Capital Equipment,
Consumable]

Manufacturer: Boston Scientific Cardiac Rhythm Management Group [451637].
One Boston Scientific P1, Natick, MA 01760-1537, United States

Problem: An ECRI Institute member hospital reports having difficulty establishing a
wireless communication link between 2 Boston Scientific devices: an implantable
cardioverter-defibrillator (ICD) and a Zoom Latitude programmer (Model 3120). The
hospital’s investigation concluded that the problem occuired because of
radio-frequency (RF) interference from the hospital’s Polycom SpectraLink 6000
wireless telephone system (formerly known as the SpectraLink Link Wireless
Telephone System).

No patient harm was reported. Neither the programmer nor the defibrillator itself was
affected by the interference, nor was the SpectraLink system. The interference was
limited to the wireless communication link between the defibrillator and the
programmer. This interference occurs when the Zoom Latitude programmer is using a
technology called Zip wandless telemetry to communicate with certain Boston
Scientific devices—specifically, some of its ICDs and cardiac resynchronization
therapy defibrillators (CRT-Ds). It does not occur if Zip wandless telemetry is not
used.




A typical police car (Ford Crown Victoria) CAD model of the car Car with medal parts only

According to IEEE P1528.2

Bystander Passenger

round is 30cm thick slab, with relative permittivity 8 and conductance 0.01 S/m,
extend 10cm in x and y Direction beyond the car/bystander.

According to IEEE 1528.3 On the Ground Modeling Implementation
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Antenna
1/4 30 MHz
1/4 75 MHz
1/4 150 MHz
1/4 450 MHz
1/4 900 MHz
5/8 150 MHz
5/8 450 MHz
5/8 900 MHz

d-distance
20cm away
100cm away

. Three facing direction:

/\éﬁ( ' Bystander model 1 -->facing the car

exposure
v% ' Bystander model 2 --> facing front
Front
exposure
Side
exposure ' Bystander model 3 --> face off the car

O Four seat modeling:

Passenger no additional parts

Passenger model 1 --> with medal seat

Passenger model 2 --> with spring coils

Passenger model 3 --> with both seat & coils

N

Passenger

. Bystander

Si

roof mounted

antenna

trunk mounted

antenna




Design of Implantable Antenna







Passenger back center 1/4 antenna at 450MHz




Electric Field Distribution at 900 MHz

Spats

SRR EFM: 0

Ilat.
Ilat

7: blood

31: blood vessel
32 body fluid

19: bone marrow
6: cancellous hone

25: eye lens
12: eye sclera

13: eye witreoushumor
4: fat

gall bladder

9: grey matter
26: heart

38: inner lung
22; kidneys
35! large intesting

8 muscle

15: nerve spine
21: outer lu
30: pancreas

27: small intestine




SAR with Device (W/kg) | SAR W/O Device (W/kg)
150 MHz 0.0028 0.0020
450 MHz 0.0041 0.0034
900 MHz 0.0077 0.0067
0

Transmission Coefficient
(dB)
5
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 EM device interacts significantly with
environments

* Potentials of numerical modeling
 Still many unknowns to be explored
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