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ABSTRACT. The application of radio-frequency electro-
magnetic fields during Magnetic Resonance Imaging
causes electric currents and dielectric losses in the
biological tissue of the patient during Magnetic
Resonance procedures. The power deposition inside the
human body leads to tissue temperature elevation. This
phenomenon of whole body heating is unavoidable and of
growing concern, since advanced imaging sequences as
well as the trend towards high-field Magnetic Resonance
scanners, lead to increased power deposition inside the
human body. Therefore it becomes more and more
important to incorporate the thermal aspect in the process
of RF coil design. This paper presents a numerical model
based on the finite element method to predict the thermo-
physiological responses in human subjects during
Magnetic Resonance Imaging. The simulation model
includes the specific absorption rate distribution inside an
anatomically shaped model of the human body, the bio-
heat-transfer-equation, and a mathematical model of
human thermoregulation. The model is applied to a real
imaging situation and validated experimentally by
temperature measurements. The comparison between
experimental and numerical results shows good
agreement.

1 INTRODUCTION

New pulse sequences and imaging techniques, such as ma-
gnetization transfer contrast (MTC) and turbo spin echo
(TSE) and the development of high-field scanners lead to
increased radio-frequency (RF) power deposition in the
patient’s body ({1][2]. The US Food and Drmug
Administration (FDA) provides two options of
recommended safety levels of exposure during Magnetic
Resonance Imaging (MRI), which must be adhered to:
either specific absorption rate (SAR) levels or temperature
criteria. The temperature seems to be the more appropriate
and meaningful parameter [3], whereas - from the
practical point of view - it is easier to estimate the specific
absorption rate. Since the SAR limit is derived from the
temperature criteria under worst case conditions, in a real
imaging situation the SAR criterion is more conservative
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than the temperature criteria.

It has been shown that temperature mapping methods are
able to monitor internal body heating during magnetic
resonance imaging [4]. Regardless of this capability of
online-monitoring in the clinical stage of an MR-system, it
is necessary to optimize the MR transmit coil in the
process of technical development. The aim of the
optimization is to find an acceptable compromise between
requirements for high quality imaging (e.g. field
homogeneity, quality factor) and tissue heating fora given
application.

In this paper a numerical model of the thermal processes
within the patient’s body is developed. Up to now only
simple models have been presented in the literature to
predict whole-body thermal responses to electromagnetic
field exposition in human subjects during MRI
[51[6]{71[8]. The calculations shown in this paper use a
more detailed model based on finite element computations
in an anatomically based human body model of the
patient. Furthermore experimental investigations are
carried out to study the dynamic response in human
subjects and to validate the algorithm.

2 METHODS

The numerical model is divided into two parts: In the first
step an electromagnetic model is used for the calculation
of the SAR distribution for an imaging situation (frequen-
cy, whole body averaged SAR, coil design). Afterwards
the time-varying temperature field inside the human body
is determined based on a thermal model using the SAR
distribution as a heat source and taking into account
human thermoregulation.

2.1 Electromagnetic Analysis

During an MRI imaging procedure three kinds of
electromagnetic fields are applied: a homogeneous static
magnetic field, switched gradient fields and pulsed radio-
frequency fields. The biological effects of the static
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magnetic field are non-thermal [9]. For many new and RF-
intensive sequences this is also true for the switched
gradient fields during conventional imaging sequences. On
the other hand there are imaging sequences which apply
rapidly switched gradient fields (e.g. Echo-Planar-
Imaging). At the current stage of the investigation the
attention is limited to the RF fields and considers only RF-
coil design. Therefore, possible thermal effects caused by
more rapidly changing gradient fields are beyond the
scope of this paper. The safety of gradient fields cannot be
assessed only from thermal considerations since possible
stimulation of muscles and nerves has to be taken into
account in the low frequency range [1]. The SAR
distribution caused by this more rapidly switched gradient
fields can be included easily in the thermal analysis by
adding the corresponding specific absorption rate.

For the electromagnetic analysis a commercial finite
element software package (EMAS™, Version 3.2b, Ansoft
Corporation, USA) is used. The software is running on a
IBM RS6000/550 workstation with 256 MB RAM. The
finite element method allows a flexible mesh generation,
which is necessary to model the complex biological
structures of the body. A homogeneous model (muscle
tissue, 7652 hexahedra, 6127 points) and a
inhomogeneous model (muscle, heart, kidney lung,
stomach, and liver tissue, 51716 tetrahedrons, 8476
points) are generated to investigate the influence of the
body shape and tissue distribution on the distribution of
the SAR. The dielectric properties of the different tissues
are given in Table 1.

Tissue & o [S/m]
Muscle 72 0.8
Heart 100 0.6
Kidney 115 0.9
Lung 27 0.24
Stomach 40 0.35
Liver 88 0.58

Table 1: Dielectric properties (relative permittivity & and
conductivity o) of different tissues at 63.6 MHz.

Since the MR pulse sequences have a narrow bandwidth,
and the pulse repetition times are short in comparison to
the heat transfer process, a monofrequent (AC) analysis is
carried out. This method does not distinguish between
different pulse sequences as long as their time-averaged
power is the same. The specific absorption rate SAR is
calculated from the distribution of the phasor of the peak
value of the electric field E by
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where the tissue has mass density p and electric
conductivity o

SAR = (1)

2.2 Thermal Analysis

The heat-transfer processes within the patient’s body are
modeled by the classical bio-heat-transfer equation {10]

Py @)
V(AVT)+ B pyc.é (T, ~T)+ p (MR + SAR)

with the temperature of tissue 7, the time ¢, the specific
heat capacity ¢, the thermal conductivity 4, the specific
heat of arterial blood c,, the mass density of arterial blood
P. » and the perfusionrate & This approach represents a
continuum model, which takes into account the blood
perfusion as a heat source or a heat sink, depending on the
difference of the local temperature of the tissue T and the
global arterial temperature 7,. The architecture of the
vascular system is not modeled explicitly. The heat loss
due to countercurrent arterial and venous vessels is taken
into consideration by introducing a countercurrent factor £
[10]. Eq. (2) contains two types of heat sources, i.e. the
metabolic heat generation (MR) and the specific
absorption rate (SAR).

The arterial temperature is dependent on time and
determined by the following heat-balance-equation [10]

ar,
m,C, —;t_;‘ bJ;dJ- ﬂpacag(Ta - T)dv_RR (3)
y

with the mass of the arterial blood pool m, and the term Ry
for respiratory heat loss.

With regard to the mathematical model of human
thermoregulation [10], the finite element model of the
patient’s body is subdivided into six regions (head, trunk,
arms, legs, hands, feet), each consisting of a core and a
shell region.

At the surface of the model we applied Cauchy boundary
conditions to describe the thermal heat transition between
the body and the surrounding air. The heat lost to the
environment is proportional to the heat transfer coefficient
a and the temperature difference between the ambient
temperature T, and the tissue surface temperature T

g=a(l ~T,m) - 0

The heat transfer coefficient « includes four heat loss
mechanisms: a, for radiation, a4 for conduction, a,, for
convection, and q, for evaporation
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a=a,+ta,+o,, +a, . )

The heat transfer coefficients for convection and
evaporation depend on the velocity of air v [10]. The
evaporative heat lost to the environment is not dependent
on the temperature difference (7-T,,;), but on the
difference between vapor pressure of air and surface. In
order to facilitate the implementation of the boundary
condition into the finite element algorithm, the
evaporative heat loss can be calculated from the known
heat loss P, [10] and transformed into an effective
evaporative heat transfer coefficient o, given in Eq.(6)

P
e 6

AT T ©
In order to solve the partial differential equation with
initial and boundary conditions, a finite element algorithm
is implemented. The same finite element mesh that is used
for the analysis of the electromagnetic fields inside the
human body is also used in the thermal analysis.

a

The finite element formulation is based on the Galerkin
method. The partial differential equation is multiplied by a
test function w, integrated over the volume (2 and Green’s
formula is applied. After dividing the volume £2into N
tetragonal subvolumes €2, and including the Cauchy
boundary conditions, the weak form of the differential
equation is

” OTow OTow OTdw
x3x dyJldy dJz dz

dydz

- (p(MR +84R)+ £p,c,T,)

x J’Hw dedy dz+pic,; Ijj'%wdxdydz
Q Q

+&p,c, J‘;I dexdydz+‘;[‘£a(T-—Tu)wdA}=

@)

A linear approximation of T and w leads to Eq. (8) and
9).

T(x,y,2,0) = (&) + 2 (D)x + &3 () y + ¢4 (D)2 ®)

w(x,y,z)=d, +d,x+d;y+d,z ®

After integration of each element and compilation of the
resultant matrices the following equaﬁon can be obtained

N .
T
w,,b, ; +Tg M,w

§ ; T Sexwex eie,i

i=1 (10)
=TTSw—w'b+T Mw=0

where S, ; is the stiffness matrix for each element, M, ; the
mass matrix, and b, the load vector. The superscripted
letter T denotes a transpose vector and the dot (e) denotes
time derivative. This set of ordinary differential equations
can be rewritten in the following form

ST+MT=b (1n
where the stiffness matrix S and the mass matrix M are
both N x N matrices. This set of ordinary differential
equations is solved by an iterative finite difference
method, replacing the time derivative quotient by a time
difference quotient. The temperature can be calculated
recursively by the following formula

(M+41,ES)T(t,,1)
= (M+At, (1-)8)7(,) (12)
+ Atn (E b(tnﬂ )+ (1 - E)b(tn ))

where = can be chosen between 0 and 1. The cases E=

- and Z=0 are well-defined as the forward and backward

Euler methods, respectively. In the simulations E =14 is
chosen. This case is known as the Crank-Nicolson method

[11].

The appropriate implementation of the algorithm is
proven by comparing the numerical resuits with analytical
results from [12] for the cooling process of a sphere from
the initial temperature of 20°C towards the ambient
temperature of 0°C. In Fig. 1 the comparison between the
simulation and theory for the transient center and surface
temperature of the sphere is shown. The model parameters
are: A =20 W/(m-K), radius of the sphere 7 = 1m, and &=
20 W/(m?K). The simulations parameters are: 845 points,
3993 tetrahedrons and time step Az = 10s.

T/1°C)

20

15F

10t

0

0 200 400 600 800 1000 /(5]

Fig. 1. Cooling of a sphere for validation of the thermal
FEM algorithm.

2.3 Thermoregulation

In order to account for the physiological response of a
patient undergoing thermal stress, a mathematical model



of human thermoregulation [10] is added. During heat
stress two effector mechanisms of thermoregulation have
to be considered: a change in skin blood flow £ and an
increased evaporative heat loss by sweating. The sweating
is modeled by an increase in evaporative heat loss P, (see

Eq. (6)).

The thermoregulatory effector mechanisms are controlled
by a weighted value a(t) of the overall body temperatures

a(t) = j f J' ¢(7)T(F) dx dy dz - a, (13)
body

with the weighting function g and the equilibrium value
a,. Local effector mechanisms that depend only on local
tissue temperature are not taken into consideration. The
changes of perfusion rate A& and evaporative heat loss
Aa, are calculated by the multiplication of the afferent
signal a(f) with a distribution factor ¢; for blood flow and
a factor ¢, for evaporative heat loss.

A¢ =cg(F)a
Ae, =c,(F)a

The complete set of parameters has been presented in
[10].

(14)

3 NUMERICAL RESULTS

The numerical approach is applied to the RF-system of a
commercial MR-scanner, with a quadrature transmit body
coil (diameter d.= 55 cm; length /.= 90 cm) within a
cylindrical RF-shield (diameter d,=67 cm; length
1,=220 cm) shown in Fig. 2. A model of the patient’s
body is placed inside the magnet bore. Due to the cut-off
effect of a cylindrical hollow wave guide RF shield the
electromagnetic field decays strongly in the axial direction
(z-direction). Hence, both ends of the tube can be modeled
by magnetic walls as appropriate boundary conditions,
and the surroundings of the MR-scanner need not be
considered in the modeling process.

RF shield

transmit coil

patient model

Fig. 2. Geometry of the quadrature RF-system
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3.1 SAR Distribution

Figs. 3 - 4 present the simulation results for /= 63.6 MHz
and a time-averaged whole body averaged SAR of 3 W/kg
in a homogeneous patient model with the following
material properties: dielectric properties of muscle tissue
(see Table 1) relative permeability x4 =1, and mass
density p= 1000 kg/m?. In Fig. 3 the distribution of the
specific absorption rate on the surface of the body is
shown. The main power deposition is restricted to the area
of the body that is placed within the length of the transmit
coil. Fig.4 shows the specific absorption rate in a
transversal plane through the body at the navel. Within the
trunk the power deposition grows with increased distance
from the longitudinal body axis (z-axis). The interaction
between the induced eddy currents and the incident
electromagnetic field results in an asymmetric placement
of the maximum local power deposition at the lateral side
of the trunk. The maximum SAR occurs at the surface of
the body.

SAR/[Wikg]

Fig. 3. Calculated specific absorption rate on the surface
of the body.

Comparisons are made between homogeneous and
inhomogeneous models. The number of cells for each
model ranges from 10,000 to 50,000 finite elements. The
homogeneous model consists of muscle tissue only. The
inhomogeneous model is composed of different tissues.
The tissues and dielectric properties of the
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inhomogeneous model are listed in Table 1. A non-
uniform distribution of different tissues can cause focal
heating, as demonstrated by [13] in a phantom study. The
investigation in our study showed that the inhomogeneous
tissue distribution makes little influence on the
distribution of the specific absorption rate: no hot-spots
within the body or within special organs are detected. This
result agrees well with findings in [7][8]: even simulations
with detailed torso models containing several tissues
showed no hot-spots. The RF radiation is mainly absorbed
by peripheral tissues [2] [7]. It should be pointed out that
the individual anatomy varies from patient to patient and
hence it is not possible to model its whole variety.
However, in order to make predictions of the thermal
behavior for a standard patient, it is reasonable to simplify
the problem for a first approach and to narrow down the
broad variety of anatomies to a single homogeneous
model.

| S4R /[Wike]

Fig. 4. Calculated specific absorption rate in a transversal
plane near the navel.

3.2 Steady State Temperature Field

Without RF irradiation and under constant environmental
conditions, the temperature field within the patient’s body
is time-invariant. The calculated steady state temperature
field in the xz-plane of the body model is shown in Fig. 5
for an ambient temperature of T, =20°C. In the core
region of the trunk and head we see a homogeneous
temperature distribution with temperatures between 36°C
and 37°C. In the limbs the temperature decays in the axial
and radial direction. This results agree well with the
physiological literature [14] and shows that with the
chosen parameter values an accurate initial temperature
for the following transient thermal analysis is obtained.

3.3 Transient Temperature Fields

During RF exposure the temperature distribution within
the human body increases. Fig. 6 shows the time-variant
temperatures at three different locations: navel
temperature, temperature at the side of the trunk (in the
region of maximum local SAR), and core temperature.
The exposure conditions are as follows: whole body
averaged SAR=3 W/kg, duration of exposure
At =20 min, ambient temperature T,,,= 20°C, relative
humidity of air 45%, air velocity v = 0.05 m/s. The solid
lines indicate the simulation results including
thermoregulatory effects. The dashed lines show the
simulation . results without thermoregulation. The
temperature plots for the side of the trunk without
thermoregulation is left out for clarity.

- 37.000
- 36.000
- 35.000
- 34.000
- 33.000
- 32.000
- 31000
- 30.000
- 29000
- 28.000

T/rC

Fig. 5. Steady-State Temperature Field (xz-plane) within
the patients body without RF irradiation.

During RF exposure a temperature rise at all locations is
observed. When thermoregulation is considered, the
temperatures return to the steady-state values after the
exposure, whereas, when thermoregulation is neglected,
the temperature decreases very slowly and seems to
approach a different value. The core temperature
continues to increase until it reaches a maximum
temperature change of about 1°C. This value can also be
explained as follows: due to the RF-induced heat load of
3 W/kg and a duration of exposure of A7=20 min, we
expect an increase of the overall temperature of about 1°C
for a passive system and a homogeneous power deposition
according to the following formula taken from [15] with
¢, = 3300 J/(kgK).
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After some time the perfusion of the tissue leads to a
homogeneous distribution of the RF-induced heat. The
heat loss to the environment is adjusted to dissipate the
metabolic heat of about 1.15 W/kg. Consequently, the
additional heat is stored in the body and leads to a
temperature increase of about 1°C as mentioned above.
Without thermoregulation the additional heat will be
dissipated to the environment more slowly by an increase
of body surface temperature.

AT =1°C

15)
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using a network analyzer in order to determine the fraction
of power Py, that is absorbed by the patient.

oL
Pt:Pin -
~n -]

P,, is the total power fed into the RF system. During the
experiment the temperature at two locations of the
patient’s body is monitored using a two-channel fiber-
optic temperature measurement device (Luxtron 71 2)and
a personal computer. The fiber-optic thermometry system
allows an unperturbed measurement of temperatures in a
RF electromagnetic environment [1]. With this device we
measured skin temperatures and sublingual temperature.
Skin temperature was obtained by attaching the

(16)

.......

ATI°C 3 Whe
e
4
25} I #trunk (near max. SAR) | thermo-
py -
2 b S e regulation
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Fig. 6. Simulated transient temperature plots at three
different locations: navel, side of the trunk (near
maximum local SAR) and core. Solid lines indicate
simulation results including thermoregulation, dashed
lines show simulation results without thermoregulation.

4 VALIDATION

For experimental validation of the numerical simulation
measurements have been performed. Measurements within
the vicinity of a real clinical scanner are difficult to make
because of the interference of the strong magnetic field
with the laboratory equipment (e.g. network analyzer). As
discussed during the electromagnetic analysis, the static
magnetic field does not contribute to the temperature
effects of the RF fields. Furthermore this investigation is
limited to the RF fields. Hence, the experiments are
performed using an RF system without a magnet and
gradient system.

4.1 Experimental Setup

Fig. 7 shows the experimental setup. The main component
of the setup is a commercial RF-system ofa 1.5 T scanner
including quadrature RF transmit body coil (R), RF shield,
patient table (P), tuning and matching circuits (MA 1, MA
2), and hybrid power divider. The setup also includes a
power meter, a broadband amplifier and a signal
generator. The system is driven by a continuous wave
(CW) signal with f=63.6 MHz. Before starting the
exposure the loaded quality factor Q; and the unloaded
quality factor O, of the RF transmit system are measured

Fiberoptic
Temperature
Meas. Device

Network
analyzer

|

|

o Power-
o— splitter

Power-

Signal-
source D | meter

Fig. 7. Experimental set-up including patient table (P),
fiber-optic temperature probes (SI, §2), decoupling
capacitor (Cg), quadrature transmit coil with four
resonators (R), and tuning and matching circuits (MA 1,
MA 2).

Ten young (age: 21-29 years), healthy, and not obese
volunteers with normal thermoregulatory function served
as subjects. These volunteers were located with their navel
in the isocenter of the RF-system. This position has been
used by other authors in order to assess thermal effects of
RF fields during MRI [1] [15] [16].

Before starting the irradiation the subjects were exposed
to constant ambient conditions in order to wait for steady-
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state temperatures. The room temperature ranged from
20°C to 24°C, depending on the time of day at which the
experiment was conducted, but was constant (£0.1°C) for
each measurement. The relative humidity ranged from
40% to 50 %, and the air velocity was less than 0.1 m/s.
After this equilibrium interval, the subjects were exposed
to the electromagnetic field that induced a whole body
averaged SAR of 3 W/kg for 20 minutes. The subjects
were told not to move for two reasons: to simulate a real
MR imaging situation and not to effect the tuning of the
transmit coil and the corresponding power deposition.

4.2 Experimental Results

The temperature changes measured at several locations of
the bodies of the ten volunteers are compiled in Table 2.
The maximum temperature changes are: 1.6°C in the
vicinity of the navel, 3.2°C at the right side of the trunk
(near maximum SAR (see Fig. 3)), 1.3°C at the left side of
the trunk, and 1.9°C at the upper right arm. The measured
maximum sublingual temperature change was 0.15°C.

Volunteer Position AT/[°C]
1 vicinity of the navel 0.55
air at isocenter 0.4
2 vicinity of the navel 1.1
air at isocenter 0.5
3 vicinity of the navel 0.9
sublingual 0.0
4 trunk lateral (left) 0.5
trunk lateral (right) 2.1
5 vicinity of the navel 1.6
trunk lateral (right) 1.8
6 vicinity of the navel 1.2
trunk lateral (right) 1.7
7 trunk lateral (right) 1.2
right upper arm 1.9
8 trunk lateral (left) 1.3
trunk lateral (right) 3.2
9 trunk lateral (right) 1.3
right upper arm 1.7
10 vicinity of the navel 1.4
sublingual 0.15

Table 2: Maximum temperature changes in 10 volunteers
for a whole body averaged SAR of 3 W/kg and a duration
of irradiation of 20 minutes.

The subjects showed visible signs of sweating on their
foreheads after 5 to 10 minutes and reported a significant
feeling of warmth in the trunk. Two subjects reported an
additional feeling of warmth in the region of their
shoulders and upper arms. This may be explained by the
proximity of this region to the conductors of the transmit

coil. None of the volunteers reported feeling
uncomfortable.
AT/[°CY e measurement
A 3 Wig simulation
15 | !
1l
05 |
ol
0.5 : 5 _

0 10 20 t/ [min]
Fig. 8. Experimental results (dashed lines) and simulated
curve (solid line) for the superficial temperature in the
vicinity of the navel.

The experimental results for the transient temperatures in
the vicinity of the navel are shown in Fig. 8. The dashed
lines represent the temperature change over time for six
individuals, and are compared to the simulated
temperatures indicated by the solid line. The considerable
span of the measured temperature curves reflects intra-
and inter-individual differences and lack of exact initial
steady-state temperatures. Diumnal variations in human
body temperature may also effect the measured
temperature change.

The experimental resuits agree well with published results
[16]. Using a slightly different MR system with a shorter
body coil (55 cm) and comparable whole-body averaged
SAR (2.8 W/kg to 4 W/kg, exposure time 30 min) no
significant body temperature changes (<0.2°C) but
significant skin temperature changes (up to 3.9°C) were
measured.

Skin temperature changes measured in our investigation
are significantly greater than in [15] due to the higher air
flow velocity in [15]. Our measurement reveals a rise in
ambient temperature (about 0.4—0.5°C) without air flow,
which indicates a heat accumulation within the bore of the
magnet. Consequently, in order to keep skin temperature
changes low it is recommended that an air flow through
the tube be generated by a ventilating fan to increase heat
loss via convection.

However, the objective of our measurement was to
validate the algorithm. As seen in Fig. 8, taking into
account the uncertainty of the measurements mentioned
above, the absolute temperature changes and the dynamics
of the heat transfer process is described adequately by the
numerical model.



5 CONCLUSIONS

We introduced a numerical model that is capable of
predicting transient temperature in the human body caused
by RF exposure during MRI. The model was applied to a
commercial MR scanner. The numerical results were
validated with experimental data and compared with other
studies in the literature. The model predicted transient
temperatures that are within the experimental range. The
experimental data and numerically predicted temperature
curves were in good agreement.
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