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Calculations of the radiofrequency magnetic (B1) field, SAR, and
SNR as functions of frequency between 64 and 345 MHz for a
surface coil against an anatomically-accurate human chest are
presented. Calculated B1 field distributions are in good agree-
ment with previously-published experimental results up to
175 MHz, especially considering the dependence of field behav-
ior on subject anatomy. Calculated SNR in the heart agrees well
with theory for low frequencies (nearly linear increase with B0

field strength). Above 175 MHz, the trend in SNR with frequency
begins to depend largely on location in the heart. At all frequen-
cies, present limits on local (1 g) SAR levels are exceeded
before limits on whole-body average limits. At frequencies
above 175 MHz, limits on SAR begin to be an issue in some
common imaging sequences. These results are relevant for
coils and subjects similar to those modeled here. Magn Reson
Med 45:692–699, 2001. © 2001 Wiley-Liss, Inc.
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The desire for a greater signal-to-noise ratio (SNR) in mag-
netic resonance spectroscopy (MRS) and imaging of hu-
mans continues to fuel interest in MR research at increas-
ing static magnetic (B0) field strengths, and consequently
with increasing radiofrequency (RF) magnetic (B1) field
frequencies. As B1 frequency increases, the spatial distri-
bution of the B1 field in a given object becomes more
complex. This makes predictions of both SNR and the
specific absorption rate (SAR) more difficult. Although at
frequencies up to 64 MHz a nearly linear increase in SNR
with B0 field strength is expected theoretically (1–3) and
seen experimentally (2) in human geometries, prediction
of SNR at frequencies higher than this requires consider-
ation of all of Maxwell’s equations in 3D structures similar
to those of interest in experiment (4–10).

Calculations of the B1 field patterns, SAR, and SNR as
functions of frequency for a surface coil used for both
transmit and receive against the human chest are pre-
sented here. Calculations were performed in such a way as
to make comparison to previous experiments (11) possible,
and results of SAR calculations are presented in a manner
that should make prediction of SAR in particular experi-
ments with a similar coil and subject possible.

METHODS

A model of the human body for use with the finite differ-
ence time domain (FDTD) method of numerical calcula-
tion for electromagnetics (12,13) was created by first seg-
menting the digital photographic data of the National Li-
brary of Medicine’s Visible Male Project, and then creating
a 3D grid of Yee cells (13) from the segmented data. The
images of the Visible Male Project, with a resolution of 1/3
mm in the left-right (x) and anterior-posterior (y) direc-
tions, were segmented at 5-mm intervals in the inferior-
superior (z) direction by a fairly manual process, reference
to anatomical atlases, and assistance from two practicing
radiologists and one medical student. A program was writ-
ten to create a 3D grid of Yee cell cubes from the seg-
mented images with a spatial resolution of 5 mm in each
dimension (Dx 5 Dy 5 Dz 5 5 mm). In a previous study of
the relationship between spatial resolution and SAR lev-
els, as calculated in the human head with the FDTD
method (14), it was found that maximum local (1 cm3)
SAR values calculated with 8 cells per cm3 (Dx 5 Dy 5 Dz

5 5 mm) were different from those calculated with
100 cells per cm3 by less than 20%, and that average SAR
values calculated with 8 cells per cm3 were different from
those calculated with 100 cells per cm3 by less than 7%.
Since the layer of skin is very thin in some places, and
some information regarding it may be lost in the creation
of a model with 5-mm dimensions, a second program was
written to ensure that a continuous layer of skin existed by
assigning the properties of skin to the surfaces of all Yee
cell cubes that are adjacent to air. This step was seen as
important because the conductivity of skin is greater than
that of the fatty tissue beneath it in most places by a factor
of about 10, and skin is typically the closest tissue to the
RF coil elements. Thus SAR levels in the skin are generally
expected to be relatively high in comparison to other tis-
sues (15). Several slices through the completed model are
shown in Fig. 1. In this figure each Yee cell cube (consist-
ing of 12 Yee cell elements, one along each edge of the Yee
cell cube) is depicted as a single box, and it appears that
the skin is discontinuous in some areas, such as on the
anterior surface in the second axial image from the right.
Another view of this region showing all Yee cell elements
(Fig. 2) reveals that the Yee cell elements representing skin
on the outer surface here do indeed form a continuous
layer. Values for material density were taken from the
literature (16–19), and values for electrical properties were
derived at each frequency by linear interpolation from
measurements by Gabriel (20) in each tissue.

A circular surface coil with a diameter of 22.9 cm was
modeled near the chest of the whole-body model. The coil
was placed at a distance of 1 cm from the tissue. This 1-cm
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distance occurs where the pectoral muscles are more pro-
trusive (left and right of center). Along the sagittal center-
line (near the sternum), the distance between the coil and
tissue is greater, with the greatest distance being almost
4 cm between the superior arc of the coil and the throat of
the human body model. The coil model was driven with
four voltage sources spaced evenly about the coil. The four
voltage sources had identical magnitude and phase at each
frequency. This is consistent with theoretical require-

ments for resonance of a symmetric four-capacitor coil,
provided that the coil is loaded symmetrically and lengths
of conductive segments are not long compared to one
wavelength at the frequency of interest. This method can
therefore be seen as an idealized approximation for this
case with asymmetric loading, especially at frequencies of
260 and 345 MHz, where the length of the conductive
segments is 0.156 and 0.207 times that of one wavelength,
respectively. A surface coil of this size driven at only one

FIG. 1. Slices through a whole-body 3D model with 5-mm resolution in each dimension. Top: Axial slices through the head, thorax,
abdomen, and thighs. Middle: Sagittal slice through the middle of body. Bottom: Coronal slice chosen to show the extent of the legs.
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location at 345 MHz would likely have a less symmetric
field distribution than that shown here. Coils can be con-
structed and driven a number of different ways, however,
and it is possible that a coil driven at more than one
location could have a very similar field distribution to that
shown here. For the purposes of this study, in which we
attempted to examine the B1 field distribution in the pres-
ence of a human sample and the effects of this distribution
on MRI as functions of frequency, we preferred to keep the
coil electrical behavior fairly constant. Electrical behavior
of specific coils at these high frequencies, depending on
location and number of drive points, type of capacitors
(distributed or lumped-element), distance from the chest,
and other design considerations should be the subject of
future calculations.

All FDTD calculations were set up and performed with
the aid of commercially-available software (XFDTD; Rem-
com, Inc., State College, PA). Calculations of steady-state
B1 fields and SAR were performed at 64, 125, 175, 260, and
345 MHz (corresponding approximately to B0 field
strengths of 1.5, 3.0, 4.0, 6.0, and 8.0 Tesla) with voltage
source magnitudes equal to 1 volt. The complex (using
phasor notation to include both magnitude and phase) RF
electrical field (E) vector information and complex RF
magnetic field (B1) vector information at all vertices on the
grid of Yee cells were derived from the FDTD calculation
results. The amplitudes of the circularly-polarized compo-
nents of the B1 field on an axial plane through the chest
were then calculated as (21):

B1
1 5 u~B̂x 1 iB̂y! 4 2u [1a]

and

B1
2 5 u~B̂x 2 iB̂y!* 4 2u [1b]

where B̂x and B̂y are complex values as denoted with a
circumflex, i is the imagnary unit, the asterisk indicates the

complex conjugate, and imaginary components are 90° out
of phase with real components at the frequency of interest.
Whether B1

1 or B1
– is the component that rotates in the

direction of nuclear precession and thus induces the flip
angle depends on whether the B0 field is oriented with or
against the z-axis. In this work it is assumed that B1

1 is the
flip-inducing component.

The dimensionless normalization factor, V, which is
necessary to produce a normalized field magnitude, V B1

1,
equal to 1.957mT at a point approximately at the center of
the heart, was determined at each frequency. This is the
field strength necessary to produce a flip angle (a) of 90° in
1H with a 3-msec rectangular RF pulse. Since B1

1 is asso-
ciated with driving voltages of 1 volt in the coil, the di-
mensionless normalization factor V is also equal to the
driving voltage (in volts) necessary to produce the field
pattern V B1

1.
The available signal from a group of nuclei from a very

small volume (cubic voxel, 5-mm dimensions) was as-
sumed to be proportional to the square of the frequency of
precession f (1,2), the sine of the flip angle in that volume,
and the sensitivity of the coil to the local precessing nu-
clear magnetism, which is proportional to B1

– (21). Noise
from the sample (the dominant source of noise at these
frequencies) is proportional to the square root of the power
absorbed by the sample, Pabs (2). Thus, neglecting signal
from protons in lipid and relaxation effects (T1 and T2) for
simplicity, SNR at a point near the center of the heart was
calculated at each frequency as (21):

SNR } f 2
usin~VB1c

1 gt!B1c
2 u

ÎPabs

[2]

where B1c
1 is B1

1 of the center voxel, t is the duration of
the rectangular pulse (assumed to be 3 msec in these
calculations), and g is the gyromagnetic ratio of 1H. Pabs,
the absorbed power over the entire body, is calculated for
use in Eq. [2] as (13):

FIG. 2. In a view of an axial slice through the
abdomen showing all Yee cell elements (x-
oriented: horizontal lines, y-oriented: verti-
cal lines, z-oriented: squares) it is apparent
that not all Yee cell elements, such as the
skin on the anterior surface of the abdomen,
are shown when one Yee cell cube is dis-
played per pixel, as in Fig. 1.
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Pabs 5
1
2 O

N

~sxnExn
2 1 synEyn

2 1 sznEzn
2 !DxDyDz [3]

where Ex, Ey, and Ez are the absolute magnitudes of the
three orthogonal components of the electrical field E (cal-
culated with the FDTD method), and s is material conduc-
tivity. A dimensional analysis with s having units of
siemens/m, E having units of volts/m, and Dx, Dy, and Dz

having units of meters shows the result to have units of
watts. The subscript n indicates the nth voxel in the sum-
mation, and the subscripts x, y, and z indicate the orien-
tation of the corresponding E field or s components. The
summation is performed over all N voxels in the human
body model. Like B1

1, the values of E and Pabs correspond
to the fields where V 5 1.

The SAR during the excitation with V 5 1 in each voxel
in the body model was calculated as (13):

SARV51 5
sx

2rx
Ex

2 1
sy

2ry
Ey

2 1
sz

2rz
Ez

2 [4]

where r is the material density (having units of kg/m3).
The SAR during a 3-msec rectangular pulse resulting in a
90° flip at the center of the heart (SAR3msec/90°) is equal to
V2SARV51. For comparison with present limits on SAR
(having units of watts/kg), the maximum SAR averaged
over any one cm3 and the average SAR over the entire body
model are presented here.

RESULTS AND DISCUSSION

The distribution of V|B1| and SAR on two orthogonal
planes through the center of the coil at 64 MHz are given in
Fig. 3. At 64 MHz the field and SAR3msec/90° distributions
are similar to what is expected at lower frequencies (22).
Contour plots of the flip angle (a) distribution at each
frequency are given in Fig. 4. Numerical values for the
normalization factor V, resulting SAR3msec/90° levels (max-
imum 1 cm3 and whole-body average), Pabs, and SNR are

given in Table 1. Line plots of average SAR3msec/90° and
SNR as functions of frequency are given in Figs. 5 and 6.

Comparisons of calculated results in this work to previ-
ously-published results of Wen et al. (11) suggest that the
trends in the B1 field pattern and SNR with frequency
calculated in a human sample are consistent with experi-
ment—at least at frequencies up to 175 MHz. Determina-
tion of the accuracy of specific calculated quantities, espe-
cially SAR, will likely require further careful experiments
and calculations.

Wen et al. (11) published B1
1 maps made in two differ-

ent human subjects with a 22.9-cm-diameter surface coil
over the chest at 64 MHz (1.5T), 125 MHz (3T), and
175 MHz (4T). Despite differences in body shape and
composition between their subjects and our model, calcu-
lated contours at a 5 45°, 90°, and 180° (Fig. 4) are similar
in shape and position to experimentally mapped contours
in subject 1 of the study by Wen et al. (Fig. 4 of Ref. 11). In
comparing these studies it is important to note that the
left-right convention in this work is like that used by
radiologists: the “right” side of the model is on the view-
er’s left. This is the opposite of the convention used by
Wen et al. Also, the plane used in calculations (including
the atria and ventricular outflow tracts of the heart) may be
a centimeter or two (at most) superior to that used in
subject 1 of the study by Wen et al. (which apparently
includes primarily the ventricles of the heart). Given the
substantial differences between the experimentally-mea-
sured B1

1 maps in the two subjects of the study by Wen et
al., the presence of the 450° contour in calculations at
64 and 125 MHz (which is absent in subject 1 of the study
by Wen et al.) may be attributable to the (apparently) larger
pectoral muscles in the model. This will both cause the
coil to be farther from the center of the heart than in the
experiments by Wen et al., and will require the calculated
B1

1 field to penetrate through more muscle tissue, which
is lossier than lung, bone, and fat. Thus higher B1

1 values
near the surface of our model may be necessary in order to
achieve a 90° flip at the center of the heart.

FIG. 3. Distributions of V|B1| (top), and
SAR3msec/90° (bottom) for body model
near surface coil at 64 MHz. Gray scale
expressed in terms of fraction of max-
imum scale value. Maximum scale
value is 20mT for |B1|, and 4.05 W/kg
(30 times whole-body average value)
for SAR3msec/90°. Values above scale
maximum are expressed as the same
(white) intensity as the scale maximum.
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Edelstein et al. (2) measured “intrinsic” SNR (ISNR) in
the human head and in the human torso at several frequen-
cies up to 64 MHz using linearly-driven volume coils. The
results appeared to fall approximately along a straight line
that intersected the origin. This agrees very well with
calculations presented here for SNR in the torso using a
surface coil at frequencies through 345 MHz (Fig. 6) at a
location near the center of the heart. Experiments at fre-
quencies of 64 MHz and below, however, are not neces-
sarily good indicators of behavior much above 64 MHz
because of the rapidly increasing complexity of the elec-
tromagnetic field spatial distribution at such frequencies
(Fig. 4).

Both experiment (11) and the calculated results pre-
sented here suggest that at frequencies up to 175 MHz,
SNR at the center of the heart should increase at a nearly
linear rate in experiments using a surface coil near the
chest. Our calculations indicate that at the center of the
heart this nearly linear increase in SNR may continue to
345 MHz, but it is also important to examine the trend in
SNR at locations other than what we have chosen as the
center of the heart. At locations 2 cm anterior (location A),
posterior (location P), left (reader’s right: location L), and
right (reader’s left: location R) compared to the point at the
center (location C), which is shown in Fig. 4 and used for
all results presented up to now, the trend in SNR is shown

FIG. 4. Distribution of the flip angle a in chest as induced by a
surface coil at several frequencies. Location of reference point
(where a 5 90° at all frequencies) shown in upper-left view of
mediastinum. Contours at 45°, 90°, 180°, 270°, 360°, and 450° are
labeled accordingly. Tissues are assigned one of three shades: dark
(low-conductivity tissues, including bone and lung), medium (fat,
also a low-conductivity tissue), and bright (high conductivity tissues,
including skin, muscle, heart, aorta, blood, tendon, etc.). The loca-
tion of the coil is shown with white dots. Note that the left-right
convention used in radiology is used here: the model’s “right” side
is on the viewer’s left. This is the opposite of the convention used by
Wen et al. (11).

Table 1
Normalization Factor V, SAR Levels, Absorbed Power,
and SNR at Center of Heart for Whole-Body Model With a
Surface Coil (for 3 msec Rectangular Pulse Producing 90°
Flip at Center of Heart)

Frequency
(MHz)

V

SAR3ms/90° (W/kg)
V2Pabs

(W)
Relative

SNRMax. one-
cm3 Average

64 77.78 15.24 0.1349 12.91 1.000
125 158.3 58.41 0.4853 45.88 1.946
175 177.4 105.9 0.8883 83.65 2.713
260 378.3 309.8 2.731 200.6 3.895
345 533.8 774.0 6.130 557.0 5.021

FIG. 5. Line plot of whole-body average SAR3msec/90° as a function
of B1 frequency.
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in Fig. 7 for the 90° pulse defined at location C, and in Fig.
8 for the 90° pulse defined at each respective location.
Clearly, at frequencies much above 175 MHz the trend in
SNR is very dependent on location due to the changing RF
field distribution. Up to about 175 MHz, the SNR increases
at an approximately linear rate at each location (Figs. 7 and
8). If the excitation pulse is defined such that the flip angle
is 90° at location C, as the RF field distribution becomes
more complex with increasing frequency (Fig. 4) the flip
angle at neighboring locations will get farther from 90° and
the SNR at these locations will become lower than that at
location C (Fig. 7). If we calculate SNR as if the flip angle
is 90° at each location for its respective data points so that

SNR is maximized at each location, we see that above
175 MHz the rate of increase (slope) may increase (loca-
tions A and L) or decrease (locations P and R) depending
on how the RF field pattern changes with frequency (Fig.
8). A similar range of SNR behavior with frequency has
been predicted for a body-sized phantom with an elliptical
cross-section depending on material properties (4), for a
spherical sample excited by a surface coil depending on
sample size (8,9), and for a simple axis-symmetric model
of the chest depending on model complexity (7).

Methods of assessing SAR in experiment generally rely
on measurements of temperature made in homogeneous
samples, or on assumptions about what the quality factor
of the loaded and empty coil can reveal about the percent
of applied power absorbed in the sample (23). While these
methods may give a good estimate of the average SAR in a
patient, they tell nothing about the distribution of the SAR
or the magnitude of the maximum local SAR in a patient.
The International Electrotechnical Commission (IEC) has
suggested limits on average SAR in the head, average SAR
in the body, and SAR in any 1-g region (24). The present
limits for the normal operating mode are 1.5 W/kg over any
15 min for whole-body SAR, 3 W/kg averaged over any
10 min for average SAR over the head, and 8 W/kg in any
gram of tissue in the head or torso (12 W/kg in any gram of
tissue in the extremities) over any 5 min. With methods
published previously (25) and the calculated SAR3msec/90°

values in Table 1, it is possible to estimate the imaging
parameters necessary to avoid exceeding the IEC limits in
a number of possible experiments. The SAR levels in-
duced during a pulse with flip angle a and duration t
would be:

SARt/a 5 rS3ms
t D2S a

908D
2

SAR3ms/90° [5]

where r is a factor determined by the type of pulse used,
calculated as a power ratio of the given pulse to a rectan-
gular pulse with the same a and t. If a rectangular pulse is

FIG. 6. Line plot of relative SNR as a function of B1 frequency.
Values are normalized to that at 64 MHz. A straight line passed
through the two lowest-frequency points and extended towards the
origin will very nearly pass through the origin. This suggests good
agreement with theory and experiment at low frequencies (1–3).

FIG. 7. Line plot of relative SNR at several locations as a function of
B1 frequency when the flip angle is 90° at location C. Locations are
2 cm anterior (location A), posterior (location P), left (reader’s right:
location L), and right (location R) compared to the point at the center
(location C), which is shown in Fig. 4 and was used as the reference
for results presented in Figs. 3–6 and Tables 1–2.

FIG. 8. Line plot of relative SNR at several locations as a function of
B1 frequency when the flip angle is 90° at each respective location.
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used, r 5 1.0. If a Gaussian pulse is used, t is defined as the
full-width half-maximum of the Gaussian, and r 5
0.67 (23). If a sinc pulse is used, t is defined as the width
of the central lobe at the zero crossings, and r 5 2.0 (23).
The SAR levels of a given pulse sequence will be equal to
the sum of the energy absorbed from the pulses during the
total image acquisition time divided by the total acquisi-
tion time. This can be written in general as:

SAR 5

O
n51

N

~SARtn/an 3 tn!

TT
[6]

where an and tn are the flip angle and pulse duration of
the nth pulse in a sequence of N RF pulses, and TT is the
total time necessary to acquire the image. Assuming the
same N RF pulses are used in each repetition of a pulse
sequence so that SAR over the total imaging time TT is
equal to that over TR, we can calculate the minimum
permissible TR to avoid exceeding some limit in SAR
(SARlim) as:

TR $

O
n51

N

~SARtn/an 3 tn!

SARlim
[7]

where SARtn/an can be calculated for any standard pulse
type of duration tn and flip angle an from the SAR3msec/90°

values in Table 1 with Eq. [5]. Since for soft tissues (where
conductivity and SAR are typically highest) the material
density is very near 1 g/cm3, the maximum SAR in one
cm3 will be very close to that for 1 g. The IEC normal
operating mode limit for 1-g SAR in the body is greater
than the limit for average SAR in the body by a factor of
about 5.3. In Table 1 at every frequency the maximum
1-cm3 SAR is greater than the whole-body average SAR by
a factor of .100. Thus, in every case calculated here the
local SAR level is the limiting factor for imaging parame-
ters.

Assuming that only rectangular 90° and 180° pulses (flip
angle defined at center of heart) are used, that 90° pulses have
t 5 3 msec and 180° degree pulses have t 5 6 msec, it is
possible to calculate the minimum allowable TR for a num-
ber of imaging sequences using 8 W/kg as SARlim and the
maximum 1-cm3 SAR levels in Table 1 for SAR3msec/90°. The
minimum allowable TR for several pulse sequences at
several frequencies with these assumptions for a surface
coil near a chest is given in Table 2. The values in Table
2 could be multiplied by appropriate factors to account for
other pulse types and durations that might be used. These
numerical results are technically only valid for the model
and coil arrangement presented here. Nonetheless, these
numbers may serve as a rough guide to what types of
experiments should be possible at various frequencies
with a large, muscular male subject and a surface coil on
the chest. It appears that in experiments other than echo-
planar imaging (EPI), gradient echo (GE), and spin echo
(SE) sequences at 175 MHz and below, and perhaps the

8-echo rapid acquisition with relaxation enhancement
(RARE8) sequence at 64 MHz, SAR will be a consideration.

In these calculations the location of the maximum SAR in
1 g (cubic cm) of tissue occurs at nearly the same location at
each frequency. This location is in the right medial portion of
the pectoral muscle near the superior end of the sternum.
This is interesting because this location is not the closest to
the coil or to its voltage sources. We speculate that the SAR
is highest here in this individual because the largest conduc-
tive bodies near the coil are the pectoral muscles, and since
the thickness of these muscles diminishes as they approach
the sternum, the current density will be increased in this
region. In a subject with less pronounced pectoral muscles,
this maximum might occur elsewhere. This emphasizes the
importance of specific subject anatomy in determining the
location of greatest SAR.

The FDA and IEC limits on SAR levels may change with
time, but with the data and equations presented here it
should be possible to estimate what imaging parameters are
necessary to avoid exceeding future limits on SAR for coils
and human geometries such as those modeled in this work.

CONCLUSIONS

Until recently, computational limitations have made cal-
culations of SNR and SAR with increasing B1 frequency
impossible except in simple geometries. Here we have
used numerical methods to predict SNR and SAR for a
large, muscular male with a surface coil against his chest.
Our calculations suggest that in this particular case, at
frequencies above 175 MHz, SNR may increase or decrease
with increasing B1 frequency depending on the location
and definition of the excitation pulse. This prediction is
very dependent on the sample geometry and B1 coil, as
similar calculations for a head in a birdcage coil indicate
that SAR and SNR will not pose problems at frequencies
up to 8T (5). Clearly, there are major limitations and as-
sumptions in these calculations. T1, T2, static field inho-
mogeneity, and a host of other factors are not considered.
Still, in looking for fundamental relationships due to RF
field behavior, the methods used here are well understood
and generally accepted (2–9).
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