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the main transfers but radiation can be took acdsoun
on that. Due to invisible wavelength of electric,
Abstract magnetic and thermal fields and waves for humans;

A numerical calculation and simulation oftese can be seen and plotted just with equippes, ey

. . th d ti h devices.
the bio-heat transfer and magnetic fluxoe (hermo and magnetic graph devices

equations has been presented in this articleInglividual researchers have discussed on predefined

T imple model of human using poor software with out
expresses heat and magnetic distribution aﬁﬂe] domination on both  magnetic and . thermal

transfer phenomena within the human bod¥nyironments of human. Multiphysics and medical
Magnetic simulation on the body using &cience mixed them in this article. This is thetbes
predefined electrical and magneticallyadvantage of our job. Dominance on physics, chemic,
models has been performed. A 4O_Cy|inde|medicine and electric is our major ascendancy.

segment model was used as the geometry @insidering on multilayer of body same, skin, fat,
the human body. Thermal infrared (IR)issues and bones and so blood with respect tadbloo

images were used to verifications of claimdloW rates in this article, made an accurate restlat
Is near to infrared images data. For verifications,

Comparisons of IR images with tI‘lewcomputerized simulation of the skin surface

simulated and calculated models indicate th@dmperature distribution has been compared with IR
this method is effective in eliminating theimages.

'nﬂuenc_e of th_e_ thermal en\”ronme_ntal an‘é)ur computerized simulation can estimate the skin
magnetic conditions. However, the differencand tissue temperature and magnetic fields
between the images and the computerizeiitribution; it is valuable in that a user can éoygt
results varies among segments. to arbitrarily various parameters reflecting

) . . _environmental and physiological conditions.
Our computer simulation can predict the ski .
everal manner used to calculate thermal conditions

and tissue temperature and magnetic fiel hin the human for various purposes like analgzin

distribution; it is valuable in that a user camyperthermia [3]-[5], estimating thermal physiolcaji
employ it to various change parameterssponses under severe conditions [6]-[7], or
reflecting environmental and physiologicafvaluating the degree of freedom of a thermal
" environment [8]-[9]. However, none of them has been

conditions. . . ; \

applied to electric, magnetic and thermal with each
other. To address this point, we have developed a
1.Introduction computerized model that simulates the heat transfer
_ _ phenomenon within the human body and predicts the
Aureoles of the Magnetic and thermal fields haventernal temperature, including the skin surface

besieged the peripheral of the human body. Source @mperature  [10]-[11] and magnetic- electric
magnetic fields are electric and magnetic signals ihehaviors.

neurons, dendrites, axons, synapse, brain signal
systems, electrostatic ions in electrolyses ofodtlo

and tissues and some things else [1]. Temperature 2.Body segmentation:
radiations are due to metabolisms and chem'\</‘v

. . . ; e adopted a 40-cylinder-segment model in 16 main
reactions in the body. Convection and conductien ar .
segments as the geometric model of the human body.



Each extremity segment (upper arm, forearm, hand,
thigh, calf, and foot) is divided into four conceat
layers: bone, muscle, fat, and skin [Fig. 1]. Eatthe
other segments (head, neck, thorax, and abdomen) ha
another layer on the inside of the bone correspmndi
to an internal organ. It is assumed that the ptaser

of each layer are homogeneous and the longitudinal
and angular coordinates are not taken into acconnt.
each segment and layer, there are a large artdoiad

pool and a venous blood pool corresponding to the
main artery and the main vein, respectively. Heat
transfer between two segments occurs through the
large blood pools.

— o - Mesh statistics:
Mesh statistics are: Number of freedom: 27062;
Number of triangle: 13176; Number of boundary

a oo oo b element: 1503; Number of vertex element: 183;
Minimum element quality: 0.0894; Element area ratio
8.13e-7
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T u..u. S The bioheat equation is similar to the heat equodtio
. N wleen\"m L v heat conduction except that it splits the heats®ur
mm// L &0 ” term on the right-hand side into three terms thetod
100 bladder C £0 o interest in bioheat transfer problems. Further, the
L 0 material properties in this equation are bettetesuio
s g the study of heat transfer in tissue. The equattois
l - takes this form:
50 2%0
A 0 e g
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E’D\\\/,/\/Dg Ofsfcﬂ*'N(kNT) roConh(Tp - T) + Qmet+ Qext(1)
£

Qexr—Hau(r D[Talr,t)- T(r,H] + H(r,H[Tus(r,t)- T(r,0)]

Also, H,; coefficient for heat transfer between tissue

and arterial blood per unit volume of tissue
Muscle Bane [W/(m*K)], H: coefficient for heat transfer between
tissue and venous blood per unit volume of tissue

[W/(m?K)], subscript b: blood, ab: arterial blood, and
vb: venous blood.

We set Hy, Hy, and Hyto be zero [30].
Where on the left-hand side:

Skin

* is atime-scaling coefficient (dimensionless).

« s the tissue density (kgfin

Fig. 1 (a)Body segment model (b) Meshed geometry” C IS the specific heat of tissue (J/(kg-K)).
c) Concentric multilayered model for the handst$oo « k is the tissue’s thermal conductivity tensor
and all of end part of body. The head, neck, thorax (w/(m-K)).
and abdomen segments have internal organ layers (8 . ) ) .
Schematic of the blood circulatory system model. In©n the right side of the equation,C, b (T, T)is
each layer, there is a pair of arterial and vermosd & SOUrce term for the blood perfusion where:
pools corresponding to the arteriole, venules, and « | s the density of blood (kg/m3).

capillaries. ) -
* G, is the specific heat of blood (J/(kg-K)).

« ,is the blood perfusion rate {{m®s)).



* Ty is the arterial blood temperature (K).

Finally, the second and third terms on the rigtiési

Tab. 1input data used in simulation and calculations * Q. is the heat source from metabolism (\Vf)m

Name EXPRESSION |Description
rho_bone | 6450[kg/m~3] | Density of bone
rho_fat 810[kg/m"3]

c_bone 840[J/(kg*K)]

c_fat 3600[J/(kg*K)]

k_bone 18[W/(m*K)]

k_fat 0.512[W/(m*K)]

k_b 0.543[W/(m*K)] |T-C. blood
sigma_bone| 1e8[S/m]

sigma_fat | 0.333[S/m]

sigma_b 0.667[S/m] E.C., blood
omega b 6.4e-3[1/s] B.p. rate

Vo 1[V]

eps_diel 2.03 gzllztcl\tfﬁc (brl)ggr;)ittivity.
rho_blood | 1000[kg/m~3]

C_blood 4200[J/(kg*K)]

T blood 37[°C]

k_skin 0.2[W/(m*K)]

rho_skin 1200[kg/m"3]

C_skin 3600[J/(kg*K)]

wb_skin 3e-3[1/5]

k tissue 0.5[W/(m*K)]

rho_tissue | 1050[kg/m”3]

C_tissue 3600[J/(kg*K)]

wb_tissue | 6e-3[1/s]

Q_met 400[W/m"3]

h_conv 10[W/(m"2*K)]

T_inf 10, 26 and 30 °GAmbient temperature
lo 1.4]W/mm~2]

Air velocity |0.1 m/s

Humidity 50%

* Qux is the spatial heat source (W)m

For a steady-state problem, the temperature does no
change over time, and the first term in the biothea
equation disappears.

3.1.1. Sub domain Settings

Table 1 shows the Sub domain Settings of the bii-he
equation application mode. The sub domain quastitie
are [2]:

Time-scaling coefficient: ;s is normally 1, but we
change it to the time scale, from seconds to miute
by setting it to 1/60.

Density of tissue: The effective density of thesis is
for all practical purposes equal to the densitythaf
tissue-blood continuum, since the vascular volume i
much smaller than that of the solid tissue.

Specific heat of tissué€C describes the amount of heat
energy required to produce a unit temperature ahang
in a unit mass of tissue.

Thermal conductivity of tissuek describes the
relationship between the heat flux vector g and the

temperature gradierit as in: 4= - kNT , which is

Fourier's law of heat conductiorThis quantity is as
the unit power per unit length and unit temperature

Density of blood: , as the unit mass per unit volume.
Specific heat of bloodZ, describes the amount of eat
energy required to produce a unit temperature ahang
in a unit mass of blood.

Blood perfusion rate: , describes the volume of
blood per second that flows through a unit volurhe o
tissue.

Arterial blood temperature: ,Tis the temperature at
which blood leaves the arterial blood veins ancient
the capillaries.

Metabolic heat source: & describes heat generation
from metabolism.

Spatial heat sourceQ.,; describes heat generation
from an external source.

These quantities are the unit power per unit volume

The first term on the right side in (1) is the thet
conduction term. The second term shows the heat
exchange between the entering arterial blood aed th
tissue through the capillary wall. Here it is assdm
that perfect heat transfer between the blood in the
capillary bed and the tissue occurs due to the
extremely large surface area of the capillaries. In
consequence, the temperature of the blood leatiag t
capillary bed is equal to the temperature of thsug.
However, this assumption does not hold for larger
vessels.



Therefore, Q. show the heat transfer through theConductive heat transfer at the skin surface with a
large vessels between the tissue and the artéoiadip solid is not considered in this study. To simuladely

and between the tissue and the venous blood. @eer temperature, it is necessary to solve the above
entire body, however, the heat exchange efficien@guations simultaneously with an efficient algarith
through arteries or veins is apparently lower th@at and adequate property values.

through capillaries.

Equations (2) and (3) are heat transfer equations f 3.1.2. Boundary Conditions

the arterial and venous circulatory systemThe boundary conditions for the Bioheat Equatian ar

respectively:
p- Y o Boundary Condition Description
Arterial blood pool equation is:
-n(-k NT) =qg +h(Tinf - T) Heat flux
b CoVan(t = fabf )76 Go(Tar(r ) - Tapfr.1) i
~ Ty — Insulation or
+ | HanO (0 - Taplr D)y @ | "MCNDEe symmetry
ab
+HalTup(r,t) - Tap(r,t)) T=T, Prescribed
In addition, for venous blood pool: temperature
t r=0 Axial symmetry
rCoMtr 0T = #4007, Gy (Tun,) - Ttr.0)
N N Heat flux
! (kN - koNT) =g + h(Tipg - T
+ WG+ Hupr DA TED - Tnlr ) (3) (T~ keNT2) =0 * 1Clint - T) discontinuity
vb
+HalTap(r 1) - Tup(r1)) n.(NT - koNTp) =0 Continuity

Where V: blood pool volume [f) V: volume of The boundary conditions on interior boundaries are:

tissue which the blood pool governs’]mf: blood Heat Flux: heat flux condition accounts for a geher
flow rate of blood pool [riis], and H,: coefficient of heat flux, as well as that from convection as dsfin
heat transfer between arteries and veins for countgy a convective heat transfer coefficient. It iptets

current flow [W/K]. Subscript am: adjacent arterialthe heat flux in the direction of the inward normal
blood pool, vn: adjacent venous blood pool. Therefore, a positive value of qorresponds to a heat

The first term on the right side in (2) shows the@Urce:

transport of heat to the blood pool in questiomfrihe « A positive value of grepresents a heat source on the
adjacent blood pool. The second term shows the h&gundary, for example a metabolism inflow of energy
exchange between the blood pool and the neighborig@ich as radiation with specified intensity. Conebrs
tissue. The third term expresses the countercurreaegative value will represent a heat sink.

heat exchange between the artery and the vein,

Equation (3) consists of the same terms, but tiel he term h (i — T) models convective heat transfer

second term takes perfusion blood in tissue &y with the surrounding environment, where h is thathe

flowing into the venous blood pool into considesati ransfer coefficient and if is the external bulk
Skin surface heat is transferred by thermal ragfiati (€MPerature. The value of h depends on the geometry
conduction, and convection to the environment, an@d the ambient flow conditions.
body heat loss is with sweat evaporation: Insulation or symmetry: this condition applies to
0=0e+ G+ Gevat (4) boundaries where the domain is well insulatedatt ¢
also be used to reduce model size by taking adganta
Where g heat transfer rate at skin surface [\l  of symmetry.
: convective heat transfer rate W, : radiant heat
transfer rate [W/A}, Oeva : €vaporative heat transfer
rate [W/nf], qq : conductive heat transfer rate [W]m
The convective heat transfer rate is generallyneefi Heat flux discontinuity: on interior boundaries an
by using a convective heat transfer coefficientthiis  assembly pairs can specify a heat flux discontjnuit
study, the convective heat transfer coefficient dor \which is the same thing as a heat source or helat si
cylinder was used [18], [19]. The equation states that the difference between the

The radiant heat transfer rate follows StefanP€at flux on the left and the right is equal to Heat
Boltzmann’s law [20], [21]. It is assumed here thafCurce on the boundary.

evaporative heat loss is equal to insensiblgontinuity: in the absence of sources or sinkst tha
perspiration rate [22], [23] under conditions thatondition specifies that the heat flux in the norma
induce little perspiration, such as room tempegatur  direction is continuous across the boundary. This

Prescribed temperature: TgT This boundary
condition prescribes the temperatuge T



boundary condition is only for interior boundar@esd For an input power of J2 deduced from the time-
for assembly pairs at boundaries between part1of average power flow.

assembly. The nerves and blood dipoles flux radiates into the

tissue where a damped wave propagates. Because it
can discretize only a finite region, it must trutecthe
The governing equation for the nerves in the tissugeometry some distance from the tissue for nerves

3.2. Human Magnetic Formulation

and blood vessels is: carrier using a similar absorbing boundary conditio
o without excitation. Apply this boundary conditioa t
- N.(SNV - Je)=Qj 4) all exterior boundaries. Finally, apply a symmetry

boundary condition for boundaries lat= 0: E, =0,
Where V is the potential (V), the electric ¢

conductivity (S/m), d an externally generated currentﬂ_rz‘

density (A/nf), Q th t
ensity (An), Q the current source (Afn In other hand, the external heat source can beeasjua

The boundary conditions at the cylinder's outeto the resistive heat generated by the electrontimgne
boundaries is ground (0V potential). Assuméield: Q.,=0.5*Re[( -j )E*E']. Results are shown in

continuity for all other boundaries. Fig.s 3 and 6.

V=0 on the wall and V=Y on the related tissues. The model assumes that the blood perfusion ratg is

n.(%-J)=0 on all other boundaries. = 0.0036 &, and that the blood enters the liver at the
body temperaturel, = 37 °C and is heated to a

E=g Celltld H=g Selltkd) (5) temperature, T. The blood’s specific heat capaisity
Cy = 4200-3639 J/(kg-K), it is the best to take actou

; of 4200.
Pu=  Re(OSE’ HO2mdr =e, S In(louer) (6)

r. inner
inner

. o . 4 Numerical Calculation
Wherez is the direction of propagation, and , andz umerical Calculatio

are cylindrical coordinates centered on the axithef The numerical calculation outline of the bio-heat
tissues. B, is the time-averaged power flow in thetransfer equations is as follows:

tissue;Z is the wave impedance in the dielectric of th
blood and tissue, whilg,,er andr; are the bone and
tissue radius, respectively. Further, denotes the
angular frequency. The propagation constamelates
to the wavelength of axon in the mediumas: k=2/

E_\L)Using of cylindrical and Cartesian coordinate}; 2
using finite difference method to discritizationy 3
using of time dependent solver with to differembei
solving, 60 and 88 minutes in transient and statipn
mode; 4) rung-kutha method is used to iterations.

The detailed method is presented in [10], [11].@As
ti((?sult, the  developed computer  program
field is purely in the bone direction. Thus, it ca multaneously calculates the distributions of

model the tissue using an axisymmetric transver%eagmetIC fields, current density, internal tempanat

magnetic (TM) formulation. The wave equation the eat flux, and blood temperature of all segmenth wi
9 - ' q ime by inputting thermal environmental factors suc
becomes scalar in H

as air temperature, mean radiant temperature, air
velocity, and relative humidity of each segment.
Voltage produced due to chemical interactions in
N blood, tissues and electric and magnetic signals in
The boundary conditions for the bone surfaces are: axons, dendrites and nerves& neurons are considered

n H=0

In the tissue actually in nerves, the electricdfialso
has a finite axial component whereas the magne

N’((er-vjy—;‘lﬂ’H/)-mkoH/ =0 @)

4.1. Blood flow rate
The feed point is modeled using a port bounda
condition with a power level set to 10 WinThis is
essentially a first-order low-reflecting bounda
condition with an input field Hy.

X human thermal model needs to include a program
for thermoregulation that mainly consists of three
ryregulation systems: Skin blood flow (SBF) regulatio
perspiration and thermo genesis.

n’ ‘/EE - \/;H/- =- 2\/’—7Hj 0 8) Actually, SBF regulation plays a significant rolersg
with the thermal neutral zone of the human body.[24
Since there is no trial data about SBF regulatioer o
— s the whole body, we used (9) for all segments of the
,,_r,.n(m) human body according to the empirical equations for

H, =1 fimner SBF of the forearm [25]-[28]:
Where: ' '/ O r

Pav-Z

SBR =Xi|,6-62’ (Thy - Thyo) + 007" (Tgm- Tsmo)J+ (sBR) (9)



Where (SBF) skin blood flow rate of théhisegment

of the human body [ml/(100mI-min)], f
hypothalamic, temperature [K], ;& mean skin
temperature [K], o set point of T, [K], Tsme Set
point of Ty, [K], (SBFo)i: skin blood flow rate in
comfort of the T segment [ml/(100ml-min)], i:
coefficient for skin blood flow regulation of th&' i
segment []. Values of ; are; head: 1.6, neck: 1,
thorax: 1.4, abdomen: 1, upper arm: 1.4, forearm: 1
hand: 2.4, thigh: 0.8, calf: 1.2, foot: 2 [29].

In the coding of computer, the numerical calculatio
of the bio-heat transfer equation is performedefach
time, SBF is renewed by input of up-to-datg @nd
Tsm However, there are some problems with (9), a
simple linear equation, that need to be discustkd. ety St Tempranre )
SBF model must be improved to incorporate th L e
results obtained in the latest physiological resear '

Max:313.564  Max: 309,006
309,008
307,519
310 306.031
304,544
303.056

£l 301.569

5 Simulation and Calculation Results
and Discussions

300,081
300
297.106

295,619

Fig. 2 and 7 shows the results of body temperatu
simulated under the condition that both the ai
temperature and the mean radiant temperature we \
maintained at 30 °C for a 60-min period, then cleahg

to 26°C and maintained at that temperature for
subsequent 28-min period. The skin surfac
temperatures of body segments at 60 min and at .

294.131

262644

height of Human [m]

[={298.594
[~{291.156
[~{289.669
[~{288.181
286,604

285 285.206

(IIEEEE

283.719

282,231

H . . . E -0 -0 -0, 02 .2 . ¥ 2 t=l2g0.744
min are shown in Fig. 2, respectively. The geometr L st T i e
for temperature simulation is a profile and sectjost ol S, s vz
to show of skin, fat and tissues temperatures.

310 306,279

As can be seen, the skin surface temperatureseof
peripheral segments were lower than the trunk. Tt
mean skin temperatures at 60 min and at 88 min a
35.1 °C and 33.3 °C, respectively.

Fig. 6 shows that the decreasing rates of the sk ©
surface temperature vary among the segments chie
because their thermal capacities and metabolic he o
production rates are different. The diminution fréth

min to 88 min of the core temperature (hypothalami o
temperature) is 0.8 °C, which is much smaller tha
that of the skin surface temperatures. For thisaea
face has a homogonous temperature profile, inZFig. '

304777
303276
a0s 301,774
300272
208771
300 297.269
295,767
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Max: 314,024
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1309.282
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Here, we present a few comments on how SB
regulation affects the temperature of each regide
SBF-regulated hypothalamic temperature (Fig. 2) we
1.35 °C higher than the non-regulated tempera(@e [
was not used] at 88 min.
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Fig.2. Simulated body temperature profile with
detailed segments, from top to bottom Fig.s are:
temperature profile in 60 min, temperature prdfile
88 min, head and face temperature distributiongdhan
fingers and finally foot temperature distributions.

The SBF- regulated skin surface temperature of the
thigh was 2.36 °C lower than the nonregulated

temperature at 88 min. That is to say, when SBF

decreased, the skin surface temperature was lowered
and the heat loss from the body surface was irdubit
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Fig. 3 Simulated body magnetic fields profile with
detailed segments, from top to bottom Fig.s are:
magnetic energy density, magnetic field for 1 mid a
2 v, magnetic field for 88.7 min, foot fingers, bea
abdomen and chest, magnetic field for 1 min and 1 v
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Fig. 4 shows the simulated internal temperature
profiles of the head, forearm, thigh, and foot.idt
obvious that the form of the temperature profilees

Magnetic fields, norm

among the segments. Especially in the head, shee t . e Scrotum to top of head
brain has relatively large blood flow and metabolic I . gp"’:iz:;;‘m"ge's
rates, it can be seen that the internal temperasure N i Hand fingers from small finger to thumb

|
. . appr . 1
constant (309.28 K at 60 min). It is difficult tenify Yo 20 w0 e 80 100 120 140 160 180 200
the simulated internal temperature profiles because Per unit ofbody members

there is far less measurement data on internalg;y 4\agnetic fields in norm (a) and temperature
temperature than on skin surface temperature. We distribution in across of body members (b)
therefore have to discuss the data validity based o

fragmentary data.
Using traced Fig. 4 by governing equations
mathematically formulae has been generated fi

1 2 3 4 5

scrotum to top of head, magnetic field in norm an - - -— — —
temperature are:

Mag.(x) = 1.0566e-020*x"10- 1.0373e-017*x"9

+4.3143e-015*x"8  -9.9045e-013*x"7  +1.3708e-

010*x"6 -1.1727e-008*x"5 +6.1106e-007*x"4 - - - — - -

1.8408e-005*x"3 +0.00029387*x"2 -0.0023614*x +
0.014194

Norm of residuals

Temp.(X)= 8.9742e-020*x"10 -1.1063e-016*x"9 +
5.684e-014*x"8 -1.5962e-011*x"7  +2.6916€- — -— E

009*x"6 -2.8132e-007*x"5+ 1.8141e-005*x"4 - —
0.00069569*x"3+ 0.014674*x"2- 0.14646*x + 309.25

Norm of residuals = 6.7695

Authors to sake of paper pages limitations forbafar
other equations to write here. Fig. 5.IR image$ of 1) the top side of the foot, 2) the
front of the thigh, 3) the chest, 4) the forearny &)
the back of the hand remaining in a 30 °C ambient
temperature environment for 60 min (a) and

IR image: courtesy Dr. John Keyserlingk



subsequently remaining in a 26°C environment for 60 6§ Conclusions

min (b). A temperature colour legend of the same . i

scale is used in (a), (b) (1: 31.0-36.0 °C; 2-5032 10 evaluate magnetic and thermal behavior of human
37.0 °C). C) Simulated temperature for 60 min agd 30btained under various environmental conditions,

°C ambient temperature. The number in the table 2authors proposed a human thermal and magnetic
represents the temperature at the symbol *-” simulation and calculation with verification of IR

. ~images. The model was based on a numerical
Fig.s 4 was a healthy male (age = 36 years; heightcalculation of the bio-heat transfer and electric-

172 cm; weight = 73 kg). Fig.s 5(a) and (b) displaymagnetic equations that express heat transfer and
the IR images at 60 min for 26 and 30 °C and (dlectromagnetic phenomena within the human body.
shown the simulation results. A 16-cylinder&cartesian-segment upgraded to 40
303 segments model was used as the geometry of the
human body. Skin, tissue, fat and bone are coresider
to more part of body. Comparisons of simulation and
15e:3 calculation results with their IR images, Fig. 8, i
thermal mode indicate that this method is effective
eliminating the influence of the thermal environran
5e-3 conditions. However, the difference between the
simulated model and images is related to boundary
) ) ) ) data and formulation of soft wares. In future wosle,
Fig. 6 Slice of the head, magnetic resonance field \yj| yse this method to investigate of several saty
projection distributions under various thermal and magnetic environments
with respect to multilayer segments, electrolysis i
blood and to find the accurate formulation for

20e-3

10e-3
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