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B+
1 Compensation in 3T Cardiac Imaging Using Short

2DRF Pulses

Kyunghyun Sung∗ and Krishna S. Nayak

The purpose of this study was to determine if tailored 2DRF
pulses could be used to compensate for in-plane variations of
the transmitted RF field at 3T. Excitation pulse profiles were
designed to approximate the reciprocal of the measured RF
transmit variation where the variation over the left ventricle was
approximated as unidirectional. A simple 2DRF pulse design
utilizing three subpulses was used, such that profiles could
be quickly and easily adapted to different regions of interest.
Results are presented from phantom and in vivo cardiac imag-
ing. Compared with conventional slice-selective excitation, the
average flip angle variation over the left ventricle (measured
as the standard deviation divided by the mean flip angle) was
reduced with P < 0.001 and the average reduction was 41%
in cardiac studies at 3T. Magn Reson Med 59:441–446, 2008.
© 2008 Wiley-Liss, Inc.

Key words: RF non-uniformity; B1 compensation; 2D RF pulse
design; high-field imaging

The spatial distribution of the radio frequency (RF) field
used for excitation and reception has an important influ-
ence on image quality in magnetic resonance imaging
(MRI). Inhomogeneous RF transmission (B+

1 ) produces
nonuniform flip angles, causing spatially dependent tissue
contrast and signal intensity. This is a critical source of
error when quantifying NMR parameters from image data.
B+

1 nonuniformity is influenced by several factors includ-
ing the distance from the RF transmit coil, conductivity,
tissue dielectric constant, and factors related to the body
size and RF wavelength. Methods for reducing B+

1 inho-
mogeneity are highly desirable in high field imaging (1–4)
and imaging with surface coil transmission (5). In high-field
cardiac imaging (≥ 3T), B+

1 inhomogeneity on the order of
30–50% across the imaging volume has been predicted and
observed (1, 6–9).

One method to address B+
1 inhomogeneity is single trans-

mit channel RF shimming using 2D or 3D tailored RF
excitation pulses. Homogeneous tissue excitation can be
achieved by tailoring the excitation with a spatial profile
that is approximately equal to the reciprocal of the B+

1
variation. The physical B+

1 inhomogeneity is still present,
but uniform excitation can be achieved. Several methods
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using the tailored RF pulses have been proposed for neuro-
logic applications (10,11). Diechmann et al. (10) described
an RF excitation pulse that performs rapid 2D compen-
sation and was effective for structural 3D brain imaging.
Small tip-angle 3D tailored RF pulses designed by Saekho
et al. (11) included slice selection and were also promising
in neuro imaging. Both pulse designs, however, are limited
to a small family of variation patterns and not fully based
on B+

1 measurement.
In 3T cardiac imaging, the patterns of B+

1 variation across
the heart are different from the typical patterns in brain
imaging. More severe and diverse patterns of variation
are expected because the chest is of comparable dimen-
sion to the RF wavelength at 3T (1,6–9). Tailored RF
pulse designs based on actual measurements are needed
for robust B+

1 compensation. Until recently, this approach
has been limited by (a) the lack of time-efficient and volu-
metric methods for B+

1 mapping, and (b) long duration of
appropriate tailored RF pulses. The saturated double angle
method (SDAM) (8) was recently demonstrated as a rapid
and appropriate method for B+

1 mapping in the chest at
3T (9). Performed in a single breath-hold, this method can
provide accurate and repeatable in vivo B+

1 measurement
covering the whole heart in a single breath-hold (9). The
most recent study involving 10 subjects and two scanners
found the pattern of flip angle variation to be largely uni-
directional across the heart when using a single-channel
conventional body-coil for RF transmission (9). This sug-
gests the possibility of a one-dimensional B+

1 compensation
scheme using short 2DRF pulses, which is simpler and
potentially more robust than 3D tailored RF schemes.

In this manuscript, we introduce a short tailored 2DRF
pulse for compensating for B+

1 nonuniformity in single
transmit channel slice-selective cardiac imaging. The pulse
utilizes a fly-back echo-planar trajectory in excitation k-
space, enabling a measurement-based adjustment of excita-
tion profiles to compensate in-plane B+

1 variations. The uni-
directional B+

1 compensation method was demonstrated
and evaluated in phantoms, and in vivo cardiac imaging
at 3T.

MATERIALS AND METHODS

2DRF Pulse

For small-tip excitation, 2DRF pulses can be designed and
analyzed with the excitation k-space framework developed
by Pauly et al. (12). Ignoring relaxation and off-resonance,
the transverse magnetization Mxy is proportional to the
Fourier Transform (FT) of the product of a spatial frequency
weighting function W (k) and a spatial frequency sampling
function S(k) (12,13).

© 2008 Wiley-Liss, Inc. 441
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FIG. 1. Proposed 2DRF excitation for B+
1 compensation: (a) excita-

tion pulse and (b) excitation k-space trajectory. The subpulse duration
is 0.5 msec, and overall duration is 3 msec including all gradients. A
fly-back echo-planar design is used where RF is only transmitted dur-
ing positive gradient lobes of Gz . Note that points a, b, and c indicate
the same point on time on both (a) and (b).

The 2D echo-planar excitation k-space trajectory is suit-
able in this work because the design considerations for
slice selection and B+

1 compensation are independent and
separable (14,15). The pulse design involves two stages:
the design of subpulses (fast direction, kz) and the design
of subpulse weightings (slow direction, kr ). The subpulse
design is based on the desired slice profile, and the r-axis
can be any in-plane radial axis, as determined by the 1D
approximation (9).

For the r-axis, the excitation pulse profile f̂ (r) can be
written as

f̂ (r) ∝ FT (W (kr ) · S(kr )). [1]

Assuming the sampling density �kr is uniform and the
number of subpulses is odd (2N + 1), W (kr ) · S(kr ) may
be expressed as

W (kr ) · S(kr ) =
N∑

n=−N

An · δ(kr − n�kr ) · eiθnkr , [2]

where δ(kr ) is the Kronecker delta function. f̂ (r) is the FT
of the series of delta functions with subpulse weighting An

and phase θn. Standard methods for finite impulse response
(FIR) filter design provide an excellent way to obtain an
appropriate f̂ (r).

Figure 1 shows the proposed RF pulse and the cor-
responding excitation k-space trajectory. Gr represents a
combination of the logical Gx and Gy gradients. The RF sub-
pulse duration is 0.5 msec while the overall pulse duration
including refocusing gradient lobe is 3 msec, sufficiently
fast for cardiac imaging.

The individual subpulse shape was designed using the
Shinnar–LeRoux (SLR) algorithm (16). Subpulse duration
was minimized by taking full advantage of the gradients
(40 mT/m amplitude and 150 T/m/sec slew rate) and RF
capabilities (peak B1 = 16µT). A time-bandwidth prod-
uct (TB) of 2 was used for slice selection (5 mm slice
thickness). The variable-rate selective excitation (VERSE)
technique was applied to compensate for the fact that RF
is transmitted during gradient ramps (17).

For the in-plane flip angle variation, we set the num-
ber of subpulses as three to make the total pulse duration

as short as possible and used a 1-2-1 binomial weighting
(A−1 = 1, A0 = 2, A1 = 1) in all studies. We also used a
phase increment θ (θ−1 = −θ , θ0 = 0, θ1 = θ ). With these
conditions, f̂ (r) becomes simply a raised cosine:

f̂ (r) = αmax

2
(1 + cos(�kr · r + θ )). [3]

where αmax is the peak flip angle value in f̂ (r).

Tailored 2DRF Pulse Design Based on Measurement

Figure 2 illustrates the tailored 2DRF pulse design proce-
dure based on B+

1 measurement. The flip angle variation
αmeasured(x, y ) is first measured using SDAM (8,9) and can
be expressed as

αmeasured(x, y ) = αnom · b1(x, y ) [4]

where αnom is the nominal flip angle entered in the scanner
and b1(x, y ) is the spatially varying relative RF amplitude.

Circular regions of interest (ROIs) covering left ventricu-
lar myocardium and blood pool are then manually selected
based on magnitude images. A one-dimensional approx-
imation αmeasured(r) is computed by minimizing mean
square error (MMSE) along the primary in-plane axis (dot-
ted line in Fig. 2). MMSE 1D approximations are computed
at all angles with a 1◦ increment, and the primary in-plane

FIG. 2. Measurement-based tailored 2DRF pulse design procedure.
Data from one slice in a cardiac study are shown for illustration. In
this example, the computed control parameters were: the primary
in-plane axis = 86◦, αmax = 90◦, �kr = 0.065, and θ = 80◦.
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axis, r, is defined such that it minimizes the approximation
error.

The desired excitation pulse profile f (r) is then simply
defined as the reciprocal of αmeasured(r) to cancel out the RF
transmit variation.

f (r) = αtarget/b1(r) [5]

where αtarget is the intended flip angle after B+
1 compensa-

tion.
To produce a practical approximation, f̂ (r), and iden-

tify design parameters: αmax, �kr , and θ , the nonlinear
curve-fitting problem is solved in the least-squares sense
(Optimization Toolbox, MATLAB 7.0), minimizing:

min
αmax,�kr ,θ

1
2

∑
rn∈ROI

(f (rn) − f̂ (rn))2. [6]

Note that αmax had a upper bound of 90◦ and θ was allowed
to range from −π/2 to π/2. The r-axis, αmax, �kr , and θ were
calculated separately for each slice in multislice studies.

Experimental Methods

Experiments were performed on two GE Signa 3.0 T
EXCITE systems (General Electric Healthcare, Waukesha,
WI) each with gradients capable of 40 mT/m amplitude
and 150 T/m/sec slew rate, and a receiver supporting
4 µsec sampling (±125 kHz). The transmit gain was cali-
brated using a standard pre-scan and the localized center
frequency was adjusted over a 3D region of interest.

To evaluate the proposed approach, we used two sets of
excitation pulses: a slice-selective RF pulse and the pro-
posed 2DRF pulse. The slice-selective RF pulse was made
by removing the Gr gradient from the 2DRF pulse and there-
fore had the same pulse duration. The 2DRF pulse has
an amplitude 1.8 times higher than that of the reference
slice-selective pulse and a 3.24 times increase in specific
absorption rate (SAR). Two magnitude base images (Iα1 and
I2α1 ) were acquired (18) to measure the flip angle variation.
Because I2α1 has a nominal flip angle of 2α1, the proposed
RF pulse needed to be able to accommodate a maximum
flip angle of 180◦ and therefore was redesigned with twice
the pulse duration (6 msec). In each dataset, the mean and
standard deviation (SD) of flip angle over the ROI was mea-
sured. The value of the SD/mean (%) was used as metric,
independent of the transmit gain, to quantify the amount
of the flip angle variation. Statistical comparison of the
SD/mean was performed using ANOVA and a P-value of
less than 0.05 was considered statistically significant.

Phantom Experiments

In the phantom study, a single-channel birdcage trans-
mit/receive head coil was used. A 28 cm diameter ball
phantom was positioned halfway out at the end of the coil
to artificially produce B+

1 non-uniformity. Imaging was per-
formed with a 2DFT gradient-echo (GRE) acquisition, 30 cm
FOV, 256×256 matrix size, and 5 mm slice thickness. Dur-
ing reconstruction, a Gaussian filter was applied to smooth
the base images.

In Vivo Experiments

In-vivo testing was performed in five healthy volunteers
(4 males and 1 female, weights 55–88 kg). The Institutional
Review Board of the University of Southern California
approved the imaging protocols. Each subject was screened
for magnetic resonance imaging risk factors and provided
informed consent in accordance with institutional policy.

The body coil was used for RF transmission and an
8-channel phased array cardiac coil was used for signal
reception. Scan plane localization was performed using the
GE I-drive real-time system. In each volunteer, 4–6 parallel
short axis slices were prescribed spanning the left ventri-
cle (LV) from base to apex. The basal slice was denoted as
no. 1 and the apical slice was denoted as no. 6. A multi-
slice spiral imaging acquisition was used within a single
breath-hold of 16 R-R intervals (FOV = 30 cm). Acquisi-
tions were cardiac gated using either plethysmograph (4
subjects) or ECG signals (1 subject), with imaging occur-
ring in mid-diastole. During reconstruction, a Hamming
window was applied to k-space data to increase the base
image SNR while reducing the in-plane spatial resolution
to 5 mm.

RESULTS

Figure 3 contains a comparison between measured and sim-
ulated excitation profiles with and without off-resonance
(−440 Hz). The excitation pulse profile f̂ (r) was measured
using a ball phantom with a spin-echo pulse sequence
and computed with numerical Bloch simulation. The slice
thickness (full-width at half maximum) of measured pro-
files was 22% thicker and, as expected, off-resonance
caused a shift along the r-axis.

Figure 4 illustrates measured changes in the excitation
pulse profile when modifying the three control parameters.
Any axis of variation can be formed by using both the logi-
cal Gx and Gy gradients (Fig. 4a). �kr changes the period of

FIG. 3. Measured (a and b) and simulated (c and d) excitation
profiles of the proposed 2DRF pulse. The cross-section plots (e
and f) along the r -direction show an excellent agreement between
experiment (solid line) and simulation (dotted line). The measured
slice thickness was 22% larger than simulation. As expected, off-
resonance results in a profile shift along the r -axis.
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FIG. 4. Illustration of 2DRF excitation profile control using the design
parameters: (a) �r , the radial axis of variation, (b) �kr , the frequency
of variation, and (c) θ , profile shifting. After the primary in-plane axis
is determined from the measured B+

1 profile, the parameters (�kr ,
θ , and αmax) are chosen by nonlinear least squares estimation. Note
that higher �kr value was used in (a) and (c), containing multiple null
points.

f̂ (r) (Fig. 4b). The phase increment θ for each RF subpulse
shifts f̂ (r) along the r-axis (Fig. 4c).

Figure 5 contains the results of 2DRF B+
1 compensation

in a phantom. An artificial flip angle variation, from left to
right, was generated by placing the ball phantom halfway
out at the end of the transmit-receive head coil. A circu-
lar ROI was manually selected to cover a region with B+

1
variation. Both αnom and αtarget were set to 60◦. The flip
angle experienced within the ROI was 53.9◦ ± 5.6◦ (mean
± SD) using the slice-selective RF pulse and was 59.3◦±2.9◦
using the proposed 2DRF pulse. The value of SD/mean was
reduced from 10.4% to 4.9%. The expected SD/mean pre-
dicted by simulation, and considered as a lower bound of
this methodology, was 3.8% (60.7◦ ± 2.3◦).

Figure 6 contains one of the most successful results of
2DRF B+

1 compensation in cardiac imaging at 3T. Magni-
tude images provide anatomical landmarks, and the cir-
cular ROIs covered the LV in all short-axis scan planes.
We set αnom to 60◦ and αtarget to 50◦. In this mid-short-
axis slice, the primary in-plane axis was 89◦. The flip
angle experienced within the ROI was 58◦ ± 4.1◦ (mean
± SD) using the slice-selective RF pulse and was 51◦ ±0.9◦
using the proposed 2DRF pulse. The value of SD/mean
was reduced from 7.0% to 1.8%. Considering all five slices
in this subject, the flip angle SD/mean was significantly
reduced with P = 0.0126 (4.4% - 8.4% using conven-
tional excitation and 1.8% - 5.5% using the proposed 2DRF
pulse).

Figure 7 illustrates the improvement in all six slices in
another subject at 3T. The mean and SD flip angle plots
(Fig. 7a,b) in all six slices show the improved flip angle uni-
formity and accuracy of the mean flip angle over the LV. The

vertical axis indicates the percentage of the intended flip
angle (αnom = 60◦ for slice-selective RF and αtarget = 50◦ for
2DRF). Figure 7c shows a bar graph containing the values of
SD/mean for the slice-selective RF pulse and the proposed
2DRF pulse (expected and measured). 9.0%–10.8% flip
angle variation was reduced to 5.0%–7.1%. Considering
all slices in all five subjects, the SD/mean was signifi-
cantly smaller with P < 0.001 and the average reduction
was 41%. Note that the measured values (white bars) are
similar to the expected values in simulation (gray bars)
except in the basal slice (slice no. 1). We suspect that off-
resonance in the basal slice may have contributed to this
deviation.

DISCUSSION

We have demonstrated that short tailored 2DRF pulses are
a practical option for B+

1 inhomogeneity compensation in
slice-selective cardiac imaging at 3T. 2DRF pulses were
designed to excite spins with a pulse profile that is approx-
imately the reciprocal of the measured variation. However,
when the transmitted B+

1 is close to zero due to destructive
interference, the proposed pulse design can not recover
the excitation because the pulse profile needs to have an
infinity value.

This approach can be applied to a wide variety of appli-
cations. Kim et al. (19) demonstrated that nonuniform
saturation due to B+

1 inhomogeneity leads to regional con-
trast variations in first-pass myocardial perfusion imaging
and suggested adiabatic composite (BIR-4) pulses (20) as a
solution. BIR-4 pulses work well but their use is limited by
SAR, especially at 3T or higher field strength. Similar to the
proposed 2DRF pulse, tailored 1D saturation pulses can be
designed to saturate uniformly over LV with a much lower
RF power. This may be useful in the applications where
SAR is a critical constraint such as first-pass perfusion
imaging with more than 5 slices per heart-beat.

The proposed method is based on unidirectional B+
1 vari-

ation, which may apply to other body areas, especially
when focusing on an ROI. Figure 8 contains an example of
ROI-based B+

1 compensation in head imaging at 3T. An axial

FIG. 5. Phantom Validation. The flip angle varied from left (low flip
angle) to right (high flip angle) using a conventional slice-selective
RF pulse. The proposed 2DRF was used to correct unidirectional flip
angle variation over the ROI (white dotted circle). Magnitude images
and flip angle distributions are shown (a and b) along with the corre-
sponding flip angle histograms (c and d). The flip angle SD/mean
within the ROI was improved from 10.4% (53.9◦ ± 5.6◦) to 4.9%
(59.3◦ ± 2.9◦) using the proposed 2DRF approach.
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FIG. 6. Cardiac B+
1 inhomogeneity compensation

in a healthy volunteer at 3T. Magnitude images
and flip angle distributions are shown (a and b)
along with the corresponding flip angle histograms
(c and d). Magnitude images are shown for anatom-
ical landmarks. The value of SD/mean within the
left ventricle (white circle) was improved from 7.0%
(58.3◦ ± 4.1◦) to 1.8% (51.2◦ ± 0.9◦) using the
proposed 2DRF pulse.

scan plane was prescribed and two symmetric ROIs con-
taining white matter were manually selected. For ROI A,
the value of SD/mean was reduced from 6.5% (55◦ ± 3.6◦)
to 1.9% (62◦ ± 1.2◦) using the proposed 2DRF approach.
For ROI B, the value of SD/mean was reduced from 7.1%
(55◦ ± 3.9◦) to 1.9% (59◦ ± 1.1◦) using the proposed 2DRF
approach.

Off-resonance during 2DRF fly-back echo-planar excita-
tion creates a linear phase along kr , and results in a shift
in f̂ (r) along the r-axis (see Fig. 3). This can be modeled
as spatially varying phase increment �θ (x, y ) in addition
to θ . �θ (x, y ) can have a range of ±46.8◦ based on the typ-
ical off-resonance range (±130 Hz) over the LV at 3T (21).
Although not problematic in our studies, this may be an
issue when using longer subpulses. Localized center fre-
quency and ROI-based shimming are highly desirable in
this case (22). High-order shimming would decrease the
off-resonance range to ±90 Hz over the LV at 3T (21),
and may be helpful in improving the accuracy of B+

1
compensation.

FIG. 7. Whole heart B+
1 inhomogeneity compensation in a healthy

volunteer at 3T. Mean and SD plots (a and b) are compared for con-
ventional excitation and the proposed compensating 2DRF excitation
for six short-axis slices. The gray dotted line indicates the intended
flip angle (100%). The SD/mean values (c) were computed for slice-
selective and 2DRF (expected in simulation and measured). Note that
the expected (gray bars) and measured (white bars) values show an
excellent agreement except in the basal slice.

The calculation of the control parameters is based on
a B+

1 profile that is measured in a separate breath-hold.
Respiratory motion may create differences in slice posi-
tion. This small image mis-registration may not affect the
overall quality due to the low spatial resolution (5 mm),
unless B+

1 patterns vary with breath-hold position. The
investigation of the intrinsic B+

1 variation between exhale
and inhale positions would be helpful to understand how
much this may or may not influence the performance of
measurement-based B+

1 compensation.
Our initial RF pulse design confined the number of sub-

pulses to three and used a 1-2-1 subpulse weighting for
simplicity and to minimize pulse duration. The number of
subpulses could be increased, and the subpulse weightings
could be free parameters to add more degrees of freedom

FIG. 8. ROI-based B+
1 inhomogeneity compensation in the head of

a healthy volunteer at 3T. The B+
1 profile was parabolic in shape and

two symmetric ROIs (A and B) were selected. Using the proposed
2DRF approach, the flip angle SD/mean was improved from 6.5% to
1.9% when focusing on ROI A, and from 7.1% to 1.9% when focusing
on ROI B.
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to the in-plane profile variation f̂ (r), and potentially yield
more accurate compensation. Any portion of the spectral
response of the subpulse weights (conceptually and FIR
filter) can be used to find the optimal profile. As such, the
subpulse weights would then become additional control
parameters.

The original design for the proposed 2DRF pulse (shown
in Fig. 1) has duration of 3 msec and can accommodate a
maximum flip angle of 60◦. Although we redesigned the RF
pulse (6 msec) to support a maximum flip angle of 180◦ for
validation (used in Fig. 5–7), the original design is more
useful in practice. The 3 msec pulse (used in Fig. 3–4)
can compensate up to the intended flip angle of 40◦. In
addition, the original design has shorter RF subpulse dura-
tion (0.5 msec), and therefore the 3 msec pulse will be
more resilient to off-resonance artifacts than the 6 msec
pulse.

CONCLUSION

Short tailored 2DRF excitation pulses can be used to sub-
stantially reduce flip angle variation in cardiac imaging
at 3T. The proposed RF pulse design can be dynamically
adapted to different ROIs and patterns of B+

1 variation by
adjusting a few control parameters (primary in-plane axis,
αmax, θ , and �kr ). The proposed 2DRF pulse reduced the
value of SD/mean over the LV by nearly a factor of two
compared to conventional slice-selective RF excitation, in
cardiac imaging at 3T. This type of reduction in flip angle
variation is particularly important in high field imaging and
quantitative imaging.
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