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Current safety regulations for local radiofrequency~rf! heating, developed for externally positioned
rf coils, may not be suitable for internal rf coils that are being increasingly used in interventional
MRI. This work presents a two-step model for rf heating in an interventional MRI setting:~1! the
spatial distribution of power in the sample from the rf pulse~Maxwell’s equations!; and ~2! the
transformation of that power to temperature change according to thermal conduction and tissue
perfusion~tissue bioheat equation!. The tissue bioheat equation is approximated as a linear, shift-
invariant system in the case of local rf heating and is fully characterized by its Green’s function.
Expected temperature distributions are calculated by convolving~averaging! transmit coil specific
absorption rate~SAR! distributions with the Green’s function. When the input SAR distribution is
relatively slowly varying in space, as is the case with excitation by external rf coils, the choice of
averaging methods makes virtually no difference on the expected heating as measured by tempera-
ture change (DT). However, for highly localized SAR distributions, such as those encountered with
internal coils in interventional MRI, the Green’s function method predicts heating that is signifi-
cantly different from the averaging method in current regulations. In our opinion, the Green’s
function method is a better predictor since it is based on a physiological model. The Green’s
function also elicits a time constant and scaling factor between SAR andDT that are both functions
of the tissue perfusion rate. This emphasizes the critical importance of perfusion in the heating
model. The assumptions made in this model are only valid for local rf heating and should not be
applied to whole body heating. ©2001 American Association of Physicists in Medicine.
@DOI: 10.1118/1.1367860#
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I. INTRODUCTION

With the advent of interventional MRI, researchers and
nicians are attempting to perform procedures such as b
sies and catheterizations under MRI guidance. These pr
dures require the use of minimally invasive surgical devi
such as catheters and guidewires for vascular applicat
and biopsy needles for biopsies. This presents an incre
risk over a standard diagnostic MRI, primarily with respe
to rf heating. Even if a device is not ferromagnetic, it has
potential to concentrate the electromagnetic~EM! field from
the rf transmitter, which may substantially increase rf heat
in its vicinity.1–4

Even with potentially increased rf heating, the risk of
MRI procedure may be considerably less than other imag
modalities, such as x-ray fluoroscopy. Fluoroscopic pro
dures have been known to last several hours and cause s
skin burns in patients, as well as expose clinicians to ioniz
radiation. It would be unfortunate if a patient were preven
from having an interventional MRI procedure, with its sup
rior soft tissue contrast, for fear ofpotential local rf heating
and then sent to a conventional x-ray fluoroscopic ex
where skin burning was acertainty. Clearly, then, it is im-
portant to thoroughly understand rf heating in an interv
tional MRI setting.

Current regulations for local rf heating were developed
the era of diagnostic imaging. An MR exam is consider
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safe if it complies with either of these two regulations go
erning SAR and temperature:5,6

~1! SAR does not exceed 8 W/kg in the head and trunk or
W/kg in the extremities when averaged over a gram
tissue for 15 min.

~2! Temperature changes do not exceed 1 °C in the he
2 °C in the trunk, or 3 °C in the extremities.

The regulations mention that local tissue damage can
cur at temperatures above 43 °C and this is used as a r
nale for the limits on the temperature changes by assumi
baseline temperature of 37 °C and applying factors
safety.7,8 However, a rationale is not provided for the rel
tionship between the SAR and temperature limits, nor
reasons provided for the seemingly arbitrary choice of av
aging size and duration.5,6

The goal of this work is to present a model that will allo
a meaningful correlation between the SAR and tempera
guidelines for local rf heating, with particular respect to t
highly localized EM fields associated with interventional d
vices. This work will show that current guidelines may b
suitable for dealing with the relatively slowly varying EM
fields produced by rf transmit coils situated outside the bo
However, these guidelines are unsuitable for the highly c
centrated rf heating that is possible with transmitting co
826…Õ826Õ7Õ$18.00 © 2001 Am. Assoc. Phys. Med.
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827 C. J. Yeung and E. Atalar: A Green’s function approach 827
positioned inside the body or when an internal metallic
vice electrically couples to an external transmitter.

II. THEORY

A. The problem of rf heating

The determination of rf heating can be described a
two-step process as depicted in Fig. 1. The input,P, is the rf
pulse of the imaging sequence and is a function of timet.
This is converted into a spatial distribution of deposit
power, or specific absorption rate~SAR!, depending on the
coil geometry and the electromagnetic properties of the
sue including the electrical conductivity,s, and permittivity,
«. SAR is a function of space,r , and time. This deposited
power is transformed into temperature,T, distributions de-
pending on the thermal properties of the tissue, includ
thermal conductivity and perfusion rates.

B. Modeling

The first system is accurately modeled with Maxwel
equations to find the electric field in the sample. Conduct
losses in the sample give rise to power deposition in
sample. This power deposition is often given in units
W/kg and called the specific absorption rate~SAR!. It can be
calculated from the electric field according to the followin
equation:

SAR5
sE2

r t
, ~1!

whereE is the rms amplitude of the electric field,s is the
electrical conductivity, andr t is the mass density of the tis
sue. This is a linear, shift-invariant system with respect to
time variable, but the spatial distribution can be quite co
plex because of coil and patient geometry.

The second system can be modeled with the tissue bio
equation first proposed by Pennes:9

1

a

dT~r ,t !

dt
5¹2T~r ,t !2

r trbcbm

k
~T~r ,t !2Tb!

1
r t

k
SAR~r ,t !1Q, ~2!

wherea is the thermal diffusivity,¹ is the Laplacian opera
tor, r t is the mass density of the tissue,rb is the mass density
of the perfusing blood,cb is the heat capacity of the blood,m
is the volumetric flow rate of blood per unit mass of tissuek
is the thermal conductivity,Tb is the temperature of the pe
fusing blood, andQ is the heat generated by normal chemic
processes in the body. If it is assumed that metabolic h
generation maintains the core temperature at a steady

FIG. 1. Flow chart model of rf heating in MRI.
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-

a

-

g

e
e
f

e
-

at

l
at
vel

equal to the temperature of the perfusing blood, this equa
can be rewritten in terms of a temperature changeDT5T
2Tb as follows:

1

a

dDT~r ,t !

dt
5¹2DT~r ,t !2v2~DT~r ,t !!1

r t

k
SAR~r ,t !,

~3!

where v25r trbcbm/k. This is also a linear system with
SAR as the input and temperature,T, as the output.

These two basic models have been widely used in
field of cancer hyperthermia.10

III. METHODS

As an example of how to apply this model, we examin
the rf heating produced when transmitting with a cathe
antenna inserted into a patient. This device11 has been shown
to be useful for catheter tracking, and sign
localization.12–16 We have previously examined the transm
power distribution of the catheter antenna and have sho
that the induced heating is highly localized near the devic17

First, the SAR distribution of the transmitting rf coil wa
determined. For simple geometries, Maxwell’s equations
be solved analytically. Otherwise, numerical solutions m
be used. The simple geometry of the antenna allows its e
tric field distribution to be computed analytically for a pe
fect half-wave antenna as shown by King and Harrison18

The antenna was approximated as a perfect dipole in an
finite homogeneous conductive medium. The constitutive
rameters used were« r580 ands50.8 S/m. These value
are representative of human tissue at 64 MHz. For th
tissue parameters, each pole’s length was set to 9.2 cm
make it a perfect half-wave.18 It is important to note that
wavelength in a lossy medium depends on both the per
tivity and conductivity of the medium. The antenna radi
was set to 0.2 mm, also a representative value.

For comparison, we also examined a model for an ex
nally applied excitation. A uniform magnetic field excitatio
was applied to an infinitely long cylinder of homogeneo
lossy medium. The SAR distributions in this case were p
viously described by Bottomley and Andrew.19 Again, the
constitutive parameters used were« r580 ands50.8 S/m.

Next, these two SAR distributions were converted to te
perature distributions according to the bioheat equation
general, analytical solutions to this partial differential equ
tion are not possible. However, when considering onlylocal
heating, it is possible to achieve approximate analytical
lutions under certain simplifying assumptions:

~1! Constitutive thermal parameters (a, k, v) are constant in
the local region of interest and over the small tempe
ture range.

~2! The region of interest is small compared to the who
body and is not near the surface so the infinite bound
condition can be used.

Under these assumptions, the bioheat equation can
treated as a linear shift-invariant system and is therefore f
characterized by its impulse response function or Gree
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828 C. J. Yeung and E. Atalar: A Green’s function approach 828
function. Green’s functions are a convenient way to desc
thermal problems20,21 and have been applied to the biohe
equation.22,23

The Green’s function was found using transfor
methods24,25 by solving the tissue bioheat equation with
impulsive power input. Green’s functions,G, are listed in
Table I for cylindrical ~line source! and spherical~point
source! coordinates in both time-dependent and steady-s
cases. Gao, Langer, and Corry showed the time-depen
and steady-state solutions for a point source in an infi
homogeneous medium.23 The cylindrical~line source! solu-
tions can be derived with the same method. Additionally,
consistency of the solutions can be verified since the ste
state solutions are equal to the definite integral of the tim
dependent solutions with respect to time from zero to in
ity.

To find the temperature distribution resulting from a giv
power source, the characteristic SAR distribution for t
transmitting coil is convolved with the Green’s function
the bioheat equation. Some functions can be convolved w
analytical transform methods but most functions must
convolved numerically.

For the example, we used aMATLAB ~The MathWorks,
Inc., Natick, MA! implementation to perform the convolu
tion in Cartesian coordinates,x andy, but with the output in
cylindrical coordinate,r:

DT~r !5(
i

(
j

G~ iDx, j Dy!SAR~r 2 iDx, j Dy!DxDy.

~4!

The sampled power function, SAR, and Green’s functi
G, were appropriately shifted, multiplied, and summed o
indices i and j, to perform the convolution. The function
were sampled at increasing resolutions,Dx andDy, and ex-
tents~both functions are analytically infinite in extent! until
doubling the resolution or extent of the functions had le
than a 1% effect on the final result.

The physiological parameters used for the calculat
were values for normal skeletal muscle (k50.4 W/m/°C! at
rest (m52.7 ml/100 g/min!, and vasodilated, such as wou

TABLE I. Green’s functions,G, of the tissue bioheat equation in cylindrica
~line source! and spherical~point source! polar coordinates.R is distance
from point source;r is distance from line source;t is time; a is thermal
diffusivity; r t is the mass density of the tissue;v is a lumped perfusion
parameter,k is the thermal conductivity;K0 is the modified Bessel function
of the second kind and order zero~Ref. 31!.

Steady-state cylindrical G~r!5
rt

2pk
K0~vr!

Steady-state spherical G~R!5
rt

4pkR
e2vR

Time-dependent cylindrical G~r,t!5
rt

4pkt
e2~r2/4at !e2av2t

Time-dependent spherical G~R,t !5
ar t

k~4pat !3/2
e2~R2/4at !e2av2t
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occur in exercise or as a normal thermoregulatory respo
(m527 ml/100 g/min!.26

IV. RESULTS

The complete electric field was calculated according
analytical expressions given by King and Harrison.18 The
SAR was then calculated according to Eq.~1! and is shown
graphically in Fig. 2. It is essentially ane22r /r 2 distribution
~in the radial direction,r! truncated at the origin by the spa
tial extent of the antenna. We have previously verified t
this SAR prediction is sufficiently accurate for the evaluati
of rf heating.17 Since it varies so little in the longitudina
direction,z, we assume that the SAR distribution SAR(r ,z)
5SAR(r ,0). This simplifies the numerical calculation by r
ducing the dimensionality of the problem from 3D to 1.5
Radially symmetric convolution requires a two-dimension
calculation but the output is one-dimensional. The res
should accurately approximate the heating at the cente
the antenna.

The 2D cylindrical steady-state Green’s function w
used to convert the SAR distribution to temperature. T
temperature distributions shown in Fig. 3 were compu

FIG. 2. Theoretical SAR distribution~W/kg! surrounding an ideal dipole
antenna in lossy medium (s50.8 S/m,«580), normalized to 1 W input
power. One quadrant is shown. Antenna is situated on longitudinal axis f
29.2 cm to 9.2 cm.

FIG. 3. Predicted SAR and steady-state temperature distributions w
transmitting with a catheter antenna~radius50.2 mm!, normalized to 1 W
input power. Temperature and SAR scales are aligned based on the sc
factor of the Green’s function. Green’s function parameters: resting mu
perfusion 2.7 ml/100 g/min; thermal conductivity 0.4 W/m °C. The tim
constant for this perfusion level is 37 min.
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829 C. J. Yeung and E. Atalar: A Green’s function approach 829
with a spatial resolution of 0.1 mm and a Green’s functi
spatial extent of 5 cm. To avoid convolution artifacts, pow
function spatial extent was twice the Green’s function exte
Figure 3 compares the input SAR function to the output te
perature function. It also compares the Green’s function ‘‘
eraging’’ with the arithmetic averaging approach prescrib
by current regulations. For illustration, 1 g and 10 g sphere
were used.

The theoretical peak temperature depends on the ti
parameters used for the Green’s function. Figures 4 an
plot peak temperature as a function of the perfusion and t
mal conductivity parameters, respectively. These figu
show that the expected peak steady-state temperature
creases nonlinearly with both increasing perfusion and th
mal conductivity. The absolute values on the temperat
scale of these figures should not be alarming since the in

FIG. 4. Prediction of maximum steady-state temperature change when t
mitting with a catheter antenna as a function of perfusion~normalized for 1
W input power!. Perfusion values range from 1.4 ml/100 g/min for bone
54 ml/100 g/min for brain. Thermal conductivity is 0.4 W/m °C. Maximu
temperature rise occurs at surface of antenna.

FIG. 5. Prediction of maximum steady-state temperature change when t
mitting with a catheter antenna as a function of thermal conductivity~nor-
malized for 1 W input power!. Perfusion is 2.7 ml/100 g/min.
Medical Physics, Vol. 28, No. 5, May 2001
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power has been normalized to 1 W. A typical scan will use
much less input power and the steady-state temperatures w
therefore be scaled down appropriately.

Figure 6 shows an averaging comparison for the exter
nally applied field. As Bottomley and Andrew have shown,
the electric field has a modified Bessel function distribution
which is very close to linear over the domain of the
problem.19 Thus, the SAR distribution is essentially qua-
dratic. The raw SAR distribution has been normalized in Fig.
6 so that the peak SAR is 8 W/kg at the surface of the 10 cm
radius medium. Averaging methods and parameters were th
same as those used for Fig. 3.

V. DISCUSSION

A. SAR averaging

The results of Figs. 3 and 6 clearly demonstrate the effec
that the choice of averaging methods has on the expecte
resultant distribution. When the input SAR distribution is
relatively slowly varying, as is the case with external excita-
tion of a homogeneous phantom, the choice of averaging
methods has little effect on the outcome~Fig. 6!. The out-
come is very different, however, for highly localized SAR
distributions, such as those encountered in interventiona
situations. Figure 3 shows that simple arithmetic averaging
over an arbitrarily sized sphere of tissue can produce esti
mates of rf heating that are significantly different than those
predicted by the more realistic tissue bioheat equation whe
the input SAR function is highly localized.

Let us emphasize that Green’s function averaging should
not normally occur at the boundary of the sample as demon
strated in Fig. 6, since the assumptions are not valid in this
case. This figure is simply used to illustrate that, away from
the boundary, the choice of averaging functions makes little
difference, even for quadratic functions. As such, current

ns-

ns-

FIG. 6. SAR and steady-state temperature distributions for external field
excitation of an infinitely long cylinder of homogeneous lossy medium.
SAR distribution is normalized to 8 W/kg peak. Temperature scale aligned
to SAR scale based on appropriate gain of Green’s function. Green’s func
tion parameters: exercising muscle perfusion 27 ml/100 g/min; thermal con
ductivity 0.4 W/m °C.
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TABLE II. Perfusion rates and implied scaling factors~A! and implied time constants~B! for selected physi-
ological situations.

Tissue type
Perfusion

~ml/100 g/min!

A. Scaling
factor

~W/kg/°C!
B. Time

constant~min!

m rbcbm ct /rbcbm
Bone ~27! 1.4 1.0 71
Resting skeletal muscle~Refs. 26, 27! 2.7 1.9 37
Fat ~Ref. 27! 3.7 2.6 27
Skeletal muscle~Ref. 28! 3.9–39 2.7–27 26–2.6
Skin ~Ref. 27! 9.8 6.9 10.2
Skin ~Ref. 28! 11–780 7.7–550 9.1–0.13
Exercising skeletal muscle~Ref. 26! 27 19 3.7
Brain ~Refs. 26, 28! 54 38 1.8
Liver ~Ref. 28! 58 41 1.7
Cardiac muscle~Ref. 28! 83–600 58–420 1.2–0.17
Kidney ~Ref. 28! 420 300 0.24
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guidelines may be suitable for external coils. However,
result of Fig. 3 clearly shows that they may not be suitable
an interventional MRI situation.

B. Temperature to SAR scaling factor

It is possible to show temperature and SAR distributio
on the same axes in Figs. 3 and 6 because the Green’s
tion provides an inherent temperature to SAR scaling fac
If the Green’s function were to be applied to a constant u
SAR distribution, the temperature distribution would also
constant, but scaled by the total integral under the funct
This integral is equal tor t /kv2 or 1/rbcbm. This is a func-
tion of perfusion and not of thermal conductivity. Therefo
perfusion rates imply a scaling factor and vice versa. Tabl
shows the equivalent perfusion rates and scaling factors f
variety of physiological situations, assuming the perfus
blood has a density of 1000 kg/m3 and a heat capacity o
4200 J/kg °C, similar to water.27,28

Current regulatory guidelines use a ratio of 4 W/kg
1 °C in the trunk and limbs, which implies a perfusion rate
5.4 ml/100 g/min, a rate twice that of resting muscle.26 In the
head, the guidelines use a ratio of 8 W/kg to 1 °C, wh
implies a perfusion rate of 10.8 ml/100 g/min, a value fi
times less than normal brain perfusion of 54 ml/100 g/m

C. Time constants

We have presented only steady-state solutions to the
sue bioheat equation since we have, to date, been unab
reliably perform the necessary 3D convolution due to co
putational constraints. However, examination of the tim
dependent Green’s functions can provide an insight into
general transient behavior of the bioheat transfer syst
Both the spherical and cylindrical functions have comp
dependencies on the time variable. One of these depen
cies is a simple decaying exponential (e2av2t). As such,
1/av2 or ct /rbcbm is a time constant of the system. Agai
this is a function only of perfusion, not of conductivity. Th
time constant is tabulated for different values of perfusi
again assuming blood density of 1000 kg/m3 and blood and
l. 28, No. 5, May 2001
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tissue heat capacity of 4200 J/kg °C, similar to water. Ath
described the same thermal time constant arising from
bioheat equation, using a similar approach.29

As described earlier, the perfusion rate implied by t
SAR to temperature conversion factor in current regulat
guidelines is 5.4 ml/100 g/min. Incidentally, this correspon
to a time constant of 15 min, the same as the currently p
scribed averaging duration.

D. Perfusion and thermal conductivity

Figures 4 and 5 show the sensitivity of the steady-st
peak temperature to the thermal parameters used in the
tem. Both exhibit nonlinear relationships. Perfusion can
considered more important, though, since its dynamic ra
is much larger.

E. SAR versus temperature

By examining the two-step rf heating model, it is cle
that both SAR and temperature are important measures w
reporting results to the scientific community, but they mu
be reported appropriately. The transmit power system
pends on the electrical characteristics of the sample and
geometry of the coil. These factors can be adequately si
lated in a phantom experiment. The bioheat transfer sys
depends on the thermal characteristics of the tissue, e
cially perfusion, which are not easily simulated in a pha
tom. Therefore, reporting temperature changes in phan
experiments, in which no perfusion exists, and conclud
that the same temperature rises should be expected foin
vivo experiments makes little sense. Rather, SAR should
reported, ideally normalized to the transmit power amplitu
for easy comparison to other studies, for phantom exp
ments. Temperature should only be reported forin vivo ex-
periments in which all the proper conditions exist.

F. The ultimate measure of safety: Temperature or
tissue damage?

This work has focused on the conversion of SAR in
temperature through the tissue bioheat equation. It does
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831 C. J. Yeung and E. Atalar: A Green’s function approach 831
address the fundamental issue of thermal safety: avoid
tissue damage. In whole body rf heating, the primary issu
the increase of core temperature and its potential syste
adverse effects. As such, a limit on core temperature ris
suitable. In local rf heating, the primary issue is the poten
for acute thermal injury or burns. In this case, arbitrary lim
on temperature are less meaningful since relatively la
temperature changes may not cause burns, provided the
of short duration, and smaller temperature changes m
cause burns, provided they persist long enough. Thus,
local rf safety, a measure of tissue damage that combines
effects of elevated temperature and duration should be u
Moritz and Henriques developed such a measure w
studying the time/temperature relationship to the onse
skin burns.30 A similar approach can be used for rf therm
safety in an MRI environment. In this case, the tim
dependent Green’s functions would be used to generate
perature distributions as a function of space and time. Kn
ing the time course of the temperature distributions w
allow an estimate of tissue damage during an MR exam

G. Experimental verification

We have thus far presented only a theoretical model fo
heating. Experimental verification of the model is necess
to ensure that the assumptions made in simplifying the b
heat equation are acceptable. We expect that the larges
vergence of experimental data from the theoretical predic
will be due to tissue heterogeneity. Nonetheless, this theo
ical analysis has clearly elucidated several important ther
parameters, namely the scaling and time constants,
should be useful for developing rational guidelines for lo
rf heating in MRI.

H. Whole body heating

As a final note, it should be emphasized that the rules
thumb developed here should not be applied when evalua
whole body heating since they were developed using
sumptions that apply only to local rf heating.

VI. CONCLUSIONS

When the input SAR distribution is relatively slowl
varying in space, as is the case with excitation by externa
coils, the choice of averaging methods makes virtually
difference on the expected heating as measured by temp
ture change. However, for highly localized SAR distrib
tions, such as those encountered with internal coils in in
ventional MRI, the Green’s function method predicts heat
that is significantly different from the averaging method
current regulations.

We have presented a detailed, two-step method for ev
ating local rf heating in an MRI environment. The prima
innovation of this work is the introduction of Green’s fun
tion averaging for highly localized heating sources and
inherent temperature to SAR scaling factor, which is a fu
tion of tissue perfusion. This should provide a meaning
rationale for local rf heating regulatory guidelines. The av
Medical Physics, Vol. 28, No. 5, May 2001
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aging techniques described should be particularly useful
the evaluation of interventional MRI devices. The model a
indicates that for safety studies, SAR should be reported
phantom experiments and temperature reported forin vivo
experiments. Further study is required to determine
thresholds for acute local thermal injury~burns!, which may
be the ultimate determinant of thermal safety, rather tha
simple temperature threshold.
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