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Cardiac imaging is inherently demanding on the signal-to-noise strengths, the RF wavelength and the RF penetration depth
performance of the MR scanner and may benefit from high field approach the dimension of the body, resulting in a significant
strengths. However, the complex behavior of the radiofrequency contribution of the induced conductive and dielectric cur-
field in the human body at high frequencies makes model-based rents and phase variation of the RF field across the body.
analyses difficult. This study aims to obtain reliable comparisons

Under these conditions, the quasi-static approximation needs
of the signal-to-noise profile in the human chest in vivo at 1.5, 3,

to be replaced with the full Maxwell equations. This pointand 4 T. By using an RF-field-mapping method, it is shown that
was illustrated by phase-sensitive electric field measure-the intrinsic signal-to-noise increases with the field strength up to
ments up to 110 MHz in elliptical phantoms in the context4 T with a less than linear relation. The RF field profile is markedly
of hyperthermia (6, 7) , and by measurements of the powerdistorted at 4 T, and the onset of this distortion is dependent on

the body size. The high power deposition and the consequences of deposition (8) and loading effect of the body on whole-body
the RF field distortion are discussed. q 1997 Academic Press RF coils at frequencies up to 85 MHz (9) , as well as loading

effects of surface coils up to 100 MHz (10) . Head images
collected at 4 T also showed substantial dielectric resonant

INTRODUCTION effects (11, 12) . Rigorous analytical models of surface coil
excitation (13, 14) and uniform volume excitation (15–17)

Cardiac imaging often requires high temporal and spatial of geometric samples also showed that the B1 and heat-
resolution in order to acquire critical functional information. absorption distribution in the samples are greatly affected
These requirements make extraordinary demands on the sig- by the penetration and dielectric effects at high frequencies.
nal-to-noise ratio (SNR) in cardiac MRI. A significant deter- Finite-element simulations of simplified body models sug-
minant of the SNR is the static magnetic field strength (1, 2) .

gest significant deviation of the B1 distribution from the
However, there are only a few comparison studies of the

Biot–Savart law at high frequencies. This was demonstrated
signal-to-noise ratio in the human torso at different field

in surface coils loaded with spherical (18) or semiinfinite
strengths (3–5) , especially in the chest. Most previous work

phantoms (19) and 3D heterogeneous models under uniform
has been with models or phantoms using a varying degree

RF excitation (20) . Despite the qualitative agreement be-of complexity.
tween finite-element simulations and experimental observa-There are several problems with using analytical or nu-
tions, anatomically accurate models of the body are still toomerical models or phantom measurements for determining
time consuming to compute with current computers withoutthe field dependence of SNR in humans. Most models and
the quasi-static approximation.phantoms have too simple a geometry and composition to

With the existing limitation in numerical simulations, asufficiently describe the body. This is due to the complex
direct experimental measure of the signal-to-noise ratioand variable three-dimensional structure of the body, the
would be desirable. A convenient measure for experimen-uncertainty in the electrodynamic properties of tissues in the
tally comparing different field strengths is the intrinsic sig-radiofrequency range, and its heterogeneous composition. In
nal-to-noise ratio (ISNR). The ISNR was introduced byaddition, most 3D models have used the quasi-static approxi-
Edelstein et al. (3) and represents the signal-to-noise ratiomation, which ignores the induced field from the conductive
in the absence of spin relaxation, field inhomogeneity effects,and dielectric currents in the body. However, at high field
and motion and flow artifacts, as well as scanner hardware
noise, etc. ISNR is purely determined by the electrodynamics

* To whom correspondence should be addressed. at different field strengths and provides a basis for meaning-
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be obtained by mapping the magnitude of the B1 field gener-
ated in the body with a known power input into the coil. If
a field B1(x , y , z) is generated with a power input P , then

Pe (x , y , z) Å P /B1(x , y , z)2 . [2]

Equations [1] and [2] enable the measurement of ISNR with
RF-field-mapping experiments.

Since surface coils are most common for signal reception
in cardiac imaging, their ISNR and B1 distributions were
studied. The popular phased-array receive coil design con-
sisting of several mutually isolated surface coils is dependent

FIG. 1. The pulse sequence used to map the B1 field of surface coils on the B1 distribution of each element coil for the mutual
in the chest. The ratio between the partially saturated image and the refer- isolation and overall optimization. Single-coil B1 map infor-
ence image yields the B1 magnitude. mation has implications regarding this design, as well as

phased-array transmit designs at high fields. The purpose of
this study was to measure the B1 field distribution and ISNR

issue of overall cardiac imaging performance and serves for human cardiac imaging at 1.5, 3, and 4 T, to establish
as a starting point when considering the advantages and the dependence of these parameters on the static magnetic
drawbacks of high field strength. field strength.

To derive the ISNR from images, the reciprocity relation
is used (21) . This relation states that (22) MATERIAL AND METHODS

The studies were conducted at 1.5, 3, and 4 T. The 1.5ISNR(x , y , z) } B 2
0 /

√
Pe (x , y , z) , [1]

and 4 T studies were done at the National Institutes of Health
on GE Signa platforms. The 3 T study was conducted at thewhere ISNR(x , y , z) is the ISNR at a location (x , y , z) in

the body, B0 is the static field strength, and Pe (x , y , z) is University of Pittsburgh Medical College, also on a GE
Signa platform. The method used for B1 field mapping in vivothe power needed to generate a unit B1 field at that location

if the receive coil is used as a transmit coil. The constant was a gradient-echo variant of the ratio method proposed by
Stollberger et al. (24) . Two sets of multislice images wereof proportionality is strictly geometry- and B0-independent

(23) , making this relation useful for human studies. The acquired. One set was collected with a non-slice-selective,
partially saturating, RF prepulse, which encoded the B1 mag-power coefficient Pe throughout the volume of interest can

FIG. 2. The B1 maps of a spherical water phantom with a surface coil placed above it, collected at 4 T. The gray scale is in flip angles, from 07 to
657. The map on the left was collected with the RF frequency on resonance; the map on the right was collected with the RF frequency off resonance
by 200 Hz to simulate a bad shim condition.
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FIG. 3. The B1 maps of a transaxial slice of volunteer 2 at 4 T, collected with TR Å 3 s and TR Å 5 s, respectively. The flip-angle contours are
overlaid on the reference images.

nitude into the signal amplitude of the image. A control set This efficiency factor was multiplied with the RF amplifier
output to give the power input P in Eq. [2] .of images was acquired without the prepulse to serve as an

amplitude reference. The pulse sequence is shown in Fig. 1. To verify the lack of influence of B0 inhomogeneity, which
is significant at 3 and 4 T, a separate experiment was con-The prepulse was a volumetric one-lobe sinc pulse depicted

in the figure, with a bandwidth of 3.3 kHz. This ratio-based ducted at 4 T. Two B1 field maps of a spherical phantom
were collected with a surface coil, using the method outlinedmethod and the large bandwidth of the prepulse were chosen

to minimize artifacts related to shim, motion and flow, and above. One map was collected with on-resonance RF excita-
tion, and the other 200 Hz off resonance. The B1 maps areslice-profile imperfections (22, 23) . The two sets of

multislice images were collected by interleaving both the shown in Fig. 2. The off-resonance effect was negligible.
The repetition time of the B1 mapping sequence was threeslices and the control /prepulse image sets. The data collec-

tion was gated to the EKG of the volunteers. The volunteers seconds. In order to rule out a driven equilibrium effect on
the B1 maps resulting from an incomplete spin recoverywere trained to synchronize their breathing with the scans

to reduce respiratory motion artifacts. For all field strengths during this time, B1 maps were collected with TR Å 3 s and
TR Å 5 s on volunteer 2. This study was performed at 4 Tthe pulse sequence parameters were FOV Å 400 mm (left

to right) 1 300 mm (anterior to posterior) , matrix Å 256 since the water T1 values are the longest, and therefore, the
measurement is more sensitive to the 3 s TR. As shown in1 128, four slices of 5 mm thickness, TE Å 6.7 ms, and

TR Å 3 s. Fig. 3, the field maps of the different TR values were similar,
suggesting that the driven equilibrium effect was negligible.For the ISNR studies at 1.5, 3, and 4 T, two male volun-

teers were scanned. Volunteer 1 was 24 years old, 184 cm
tall, and weighed 104 kg; volunteer 2 was 31 years old, 172 RESULTS
cm tall, and weighed 68 kg. They were chosen to represent

The B1 field maps of each volunteer at 1.5, 3, and 4 T area reasonable range of body sizes.
presented in Fig. 4. For each volunteer one of the fourSurface coils with distributed capacitances were used for
transaxial slices is shown. Each image is a contour plot ofall field strengths. The geometries of all coils were the same,
the B1 magnitude represented in spin-flip angles, overlaid onwith 22.9 cm diameter. To account for the power dissipated
the reference images. In collecting these images, the powerin the coils, the loaded and unloaded Q of the coils were
input into the coils was adjusted with a series of scout scansmeasured, and an efficiency factor was calculated (26) ,
such that the flip angle at the center of the heart was 907 for
all field strengths (see Table 1). The field pattern distortionefficiency Å 1/Qloaded 0 1/Qunloaded

1/Qloaded

. [3]
and left–right asymmetry increased from 1.5 to 4 T. The
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FIG. 4. Radiofrequency field maps of transaxial slices of volunteers 1 and 2 at 1.5, 3, and 4 T. The B1 distribution is represented as flip-angle
contours overlaid on reference images which were used for the B1 calculations. In the B1 mapping experiments, the power input into the surface coils
was adjusted such that the flip angle at the center of the heart was 907.
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TABLE 1
A Summary of the ISNR at the Center of the Heart at 1.5, 3, and 4 T in Two Volunteers

Volunteer 1 Volunteer 2

Height and weight 184 cm, 104 kg 172 cm, 68 kg
Field strength (T) 1.5 3 4 1.5 3 4
Pe (kW) 0.149 0.62 1.34 0.120 0.592 1.09
Coil efficiency (%) 79 84 89 81 87 91
Relative ISNR 1 1.66 2.36 1 1.80 2.36

Note. The parameter Pe is the power needed to generate a 1 ms 907 pulse at the center of the heart. The coil efficiency was calculated from the loaded
and unloaded Q measurements (Eq. [3]). The relative ISNR numbers are normalized to 1.5 T.

left–right asymmetry is partially due to the fact that the MR- The field-penetration profiles along a line from the anterior
chest wall toward the heart were plotted for both volunteerssensitive component of the B1 field is one of the two circu-

larly polarized components of the actual RF magnetic field in Figs. 5a and 5b. The RF field gradient generally increased
with the main field strength. For volunteer 1, of larger chest(28) . At 1.5 T, this asymmetry was already visible.

FIG. 5. The B1 profile from the anterior chest wall to the posterior portion of the heart of volunteers 1 (a) and 2 (b). The flip-angle values were
taken along the arrows depicted in the transaxial images.
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FIG. 6. The relative ISNR (a) and total power deposition (b) of both volunteers at 1.5, 3, and 4 T.

size, the decrease in penetration depth was evident between in a surface coil–spherical sample model, up to 430 MHz.
This was largely due to the enhancing effect of the dielectric1.5 and 3 T. For volunteer 2, of smaller chest size, the

greatest decrease in penetration depth occurred between 3 resonances in a spherical geometry. This superlinear fre-
quency dependence was not observed in our studies, mostand 4 T. The difference in the onset of the large penetration

depth change is likely caused by different chest sizes. For likely due to the heterogeneity and irregularity of the chest.
Full-wave finite-element simulations with simplified chesta smaller chest size, the RF wavelength approaches the di-

mension of the chest at higher frequencies. models have been able to make predictions consistent with
the current experimental results (29) .The power needed to generate a 1 ms square pulse of 907

flip at the center of the heart and the corresponding relative The RF field distortion and asymmetry at higher field
strengths suggest that the body composition and geometryISNR are tabulated in Table 1 for the three field strengths.

Also listed is the surface coil efficiency, which was compen- significantly influence the electrodynamics, as the body
serves as a ‘‘lens’’ for the RF field. Under this condition,sated for in the calculation of ISNR. The ISNR increased

by nearly a factor of 2.4 from 1.5 to 4 T for both volunteers; the phased-array design for signal reception may be difficult
in terms of element isolation, and the optimization of ele-correspondingly the power requirements increased by a fac-

tor of 9. The field dependence of the ISNR was weaker ment arrangements based on the Biot–Savart law may be
invalid. This effect is illustrated by measurements of thethan the linear relation predicted from previous quasi-static
mutual isolation of surface coil pairs at 63.5 and 171 MHz.models (20) .
Each surface coil was a 15 cm square separated into four
segments by four capacitors placed on the edges of theDISCUSSION
square, following some commercial designs. Each coil was

These data show that, in volunteers of two different body matched when loaded with volunteer 1. The overlap of the
sizes, the ISNR increased with the main field strength up to coil pairs was adjusted such that the isolation was maximized
4 T. However, the field dependence of the ISNR was weaker in the unloaded condition. At 63.5 MHz, upon loading the
than linear, and correspondingly the field dependence of the Q of each coil decreased from 230 to 25, and the isolation
power deposition was slightly higher than quadratic, as between the pair of coils dropped from 26 to 21 dB. At 171
shown in Figs. 6a and 6b. This is consistent with previous MHz, the Q of each coil decreased from 129 to 15, and the
body-coil SNR measurements by Hoult et al. (8) and body- isolation dropped from 26 to 12 dB. This result is consistent
coil-loading studies by Röschmann (9) . The linear fre- with the increased influence of the body on the RF field
quency dependence of ISNR at frequencies below 100 MHz distribution. The large loading effect on the coil isolation at
is a result of the quasi-static approximation. While this ap- 4 T makes the design and use of phased-array receive coils
proximation works well below 100 MHz (27, 3) , the present difficult.
results show that the quasi-static approximation overesti- The use of phased-array transmit coils to overcome the
mates the ISNR in the chest at 3 and 4 T. This result confirms high power requirement at 4 T also faces the problem of
the significance of the conductive and dielectric currents of field distortion. In addition to element isolation, it is also
the body in shaping the RF field distribution. Keltner et al. difficult to achieve a relatively uniform B1 from the vector

addition of the RF fields of surface coils. The distortion and(14) predicted a superlinear frequency dependence of ISNR
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