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Parallel transmitter techniques are a promising approach for
reducing transmitter B1 inhomogeneity due to the potential for
adjusting the spatial excitation profile with independent RF
pulses. These techniques may be further improved with trans-
mit sensitivity encoding (SENSE) methods because the sensi-
tivity information in pulse design provides an excitation that is
inherently compensated for transmitter B1 inhomogeneity. This
paper presents a proof of this concept using transmit SENSE 3D
tailored RF pulses designed for small flip angles. An eight-
channel receiver coil was used to mimic parallel transmission
for brain imaging at 3T. The transmit SENSE pulses were based
on the fast-kz design and produced 5-mm-thick slices at a flip
angle of 30° with only a 4.3-ms pulse length. It was found that
the transmit SENSE pulses produced more homogeneous im-
ages than those obtained from the complex sum of images from
all receivers excited with a standard RF pulse. Magn Reson
Med 57:842–847, 2007. © 2007 Wiley-Liss, Inc.
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The advantages of MRI at high static magnetic field
strengths (B0 � 3T) include an increased signal-to-noise
ratio (SNR) (1) and increased BOLD functional MRI (fMRI)
contrast (2). A confound at high B0, however, is increased
image artifact from RF field (B1) inhomogeneity (3,4). The
two factors that produce B1 inhomogeneity are the shorter
RF wavelength, which is further shortened by the dielec-
tric properties of tissue, and the attenuation of RF ampli-
tude due to tissue conductivity (5,6). These artifacts typi-
cally appear in the images as regions of increased and
decreased brightness at 3T (7). B1 inhomogeneity can even
produce regions with no signal at ultrahigh fields (8). The
result of B1 inhomogeneity can be a loss of image contrast
and an improper measure of the spin density.

Numerous methods have been proposed to mitigate B1

inhomogeneity artifacts. These include specially designed
coils (9,10), adiabatic pulses (11), image postprocessing
(12), and small-tip-angle tailored RF (TRF) pulses (13–15).
TRF pulse techniques have the advantage of being able to
compensate for the transmit B1 inhomogeneity using a
predetermined spatial excitation. More recently, it was
shown that “B1 shimming” can be performed using multi-
ple transmitters (16–18). A homogeneous slice can be
achieved by adjusting the magnitude and phase on each
transmitter channel until a uniform composite excitation
is obtained. The disadvantage of this approach is that there
is no straightforward way to relate the observed inhomo-
geneity to the required RF pulse parameters for each trans-
mitter.

There is currently much interest in transmit sensitivity
encoding (SENSE) techniques because of the potential for
reduced pulse lengths and power management (19,20).
Transmit SENSE techniques were recently validated with
parallel transmit hardware in phantoms using 2D RF
pulses in a spin-echo sequence (21), and a recent study
proposed that transmit SENSE techniques can be used to
reduce transmit B1 inhomogeneity (22). The hypothesis is
that the transmit SENSE formalism provides a general
approach for designing TRF pulses that are compensated
for transmit B1 inhomogeneity because the transmitter coil
sensitivities are inherent in the pulse design. The purpose
of this paper is to provide a proof of this concept using a
practical three-dimensional (3D) TRF pulse. Due to a lack
of transmit SENSE hardware, a pseudo transmit SENSE
approach is implemented using a body coil for transmis-
sion and an array coil for reception. The technique is
demonstrated to reduce the transmit B1 inhomogeneity in
5-mm-thick slices using 4.3-ms-long pulses in phantom
and human brains images at 3T.

THEORY

Assuming small flip angles, the composite spatial excita-
tion profile w(r) from N simultaneous 3D TRF pulses can
be written as the sum of the individual excitation profiles
wn(r) produced by each pulse:

w�r� � �
n�1

N

wn�r� � p�z��
n�1

N

qn�x,y�. [1]

Here n represents an array element, and we assume that
the excitation is separable such that p(z) is the excitation
profile along the slice-select direction, which we will
make identical for all pulses. The term qn(x,y) represents
the in-plane excitation profile, which we have the freedom
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to control with the pulse design provided that we have
adequate excitation k-space sampling. The magnetization
M(r) that gets excited in the object will then be

M�r� � M0p�z��
n�1

N

�n�x,y�qn�x,y�, [2]

where �n(x,y) is the transmitter sensitivity, or equivalently
the transmit B1 inhomogeneity, and M0 is the equilibrium
magnetization. Here we assume that any variation along
the slice-select direction is negligible. If we desire a uni-
form image with a slice thickness defined by the width of
p(z), then

�
n�1

N

�n�x,y�qn�x,y� � const. � 1. [3]

This can be rewritten using the Fourier transform
Qn(kx,ky) of the in-plane excitation profile qn(x,y):

�
n�1

N

�n�x,y��Qn�kx,ky�e�ik,x�ik,ydkxdky � 1. [4]

This equation is recognizable as the image domain trans-
mit SENSE equation (23), with the restriction that the
resultant magnetization must be constant (i.e., one). This
equation can be rewritten as a matrix equation:

�Q � 1 [5]

and approximate solutions for Q can be obtained by least-
squares minimization:

Qapp �
argmin

Q �1 � �Q�2. [6]

The requirements of the above theoretical arguments are
easily met using the fast-kz pulse design (15), which con-
sists of a train of slice-select subpulses of shape P(kz)
(which is the Fourier transform of p(z)) separated by
phase-encoding blips in x and y. This design is optimal if
thin slices are required along z and minimal excitation
resolution in x-y is desired. This is the case for a slice-
select pulse that needs to compensate a smoothly varying
transmitter B1 inhomogeneity. The use of phase encoding
in x and y allows for a large degree of freedom in choosing
sampling trajectories. Figure 1 shows the kx-ky sampling
used for the pulses in this work, which was chosen to be
hexagonal for optimal alias placement. Each point corre-
sponds to the location of a slice-select subpulse, and the
sign corresponds to the polarity of the z-gradient. Seven
subpulses were used in this trajectory. Figure 1 also pro-
vides a definition for the transmit SENSE reduction factor
R, which can be used to scale the phase-encoding blip area
to increase the excitation resolution at the expense of a
reduced excitation FOV. Normally R � 1 would result in
an aliased excitation profile; however, the inclusion of the
transmitter spatial sensitivities in Eq. [4] allows for re-
duced kx-ky sampling.

Due to a lack of parallel transmit hardware, the scanner’s
standard transmit body coil and multichannel receiver
head coil can be used to perform a “pseudo transmit
SENSE.” This work-around assumes linearity between the
reconstructed images, transmit sensitivity, and receive
sensitivity, which is reasonable for small tip angles. The
procedure begins with first measuring the receive sensitiv-
ities cn(x,y) for N receiver coils. N unique 3D RFT pulses
are then constructed using Eq. [4] with �n(x,y) replaced by
cn(x,y). Each RF pulse is then sequentially transmitted
with the body coil and received with only the phased-
array element corresponding to that pulse such that N
unique complex images are acquired. The final image I(r)
is obtained by summing all N complex images generated
by the different pulses (this mimics the “simultaneous
transmission”). Any slice profile aliasing due to reduced
pulse lengths (i.e., undersampling) will be canceled by the
complex summation. This process can be written as

l�r� � �
n�1

N

Cn�x,y�Mn�r�

� M0p�z���x,y��
n�1

N

cn�x,y�qn�x,y�

� M0p�z���x,y��
n�1

N

cn�x,y��Qn�kx,ky�e�ik,x�ik,ydkxdky

[7]

Note the similarity of this equation to Eq. [4]. A second
assumption made is that there exists a transmit array with
transmit sensitivities similar to the receive sensitivities of
the coil array used in this work. Although the details of
transmit coil construction are beyond the scope of this

FIG. 1. Diagram of the k-space trajectory in the transverse plane
used for the transmit SENSE fast-kz 3D TRF pulses. Phase-encod-
ing blips in x and y are used to traverse the kx-ky plane. A slice-select
subpulse is applied along z at each point. The sign gives the polarity
of the slice-select z-gradient.
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work, recent work using true transmit SENSE hardware
supports this assumption, as well as that of linearity (21).

MATERIALS AND METHODS

The transmit SENSE 3D TRF pulses were designed for use
on a Siemens 3T Trio scanner (Siemens Medical Systems,
Erlangen, Germany). The gradient slew rate and peak were
200 T/m/s and 40 mT/m. The scanner’s standard transmit
body coil and eight-channel receiver head coil were used
to mimic transmit SENSE as described above. The receive
sensitivity maps cn(x,y) were determined using array im-
ages and a body coil image (each acquired with the fast
low-angle shot (FLASH) sequence described below) in an
iterative fitting method (24). The iterative technique re-
moves the discontinuities in the sensitivity maps at the
object edges, producing a smoother excitation. Once the
sensitivity maps were found for the slices of interest, the
amplitudes Qn(kx,ky) of each subpulse were determined
from Eq. [7] using a conjugate-gradient technique. As de-
scribed above and in Fig. 1, the pulses consisted of seven
subpulses, yielding a total length of 4.3 ms with an exci-
tation resolution of 7.3 cm (R � 1) or 4.8 cm (R � 1.5) over
a 22-cm excitation FOV. The slice-select profile p(z) was
chosen to be Gaussian with a half width of 5 mm. All of the
pulse construction programs were executed using Matlab
(The Mathworks, Natick, MA, USA), which took approxi-
mately 1–2 s. An example of a transmit SENSE 3D TRF
pulse for one coil is shown in Fig. 2.

A standard 2D FLASH sequence with fat saturation and
sequence parameters TE � 15 ms, TR � 300 ms, FA � 30°,
and matrix size � 128 � 128 was used for acquisition.
These parameters were chosen such that a single slice
could be acquired rapidly with sufficient contrast and
SNR. The sequence could implement either the 3D TRF
pulses or a standard slice-select pulse with the same p(z)
and flip angle. Final images from the standard pulse were
similarly obtained from a complex summation of the indi-
vidual coil images. The scanner reconstruction performed

a low-resolution phase correction on the complex image
from each receiver such that any additional image phase
from the coil geometry was removed. This combination
was chosen to mimic a simultaneous excitation with mul-
tiple transmitters without transmit SENSE. An 18-cm-di-
ameter uniform spherical phantom (12.5 mM NAA, 10 mM
Cre, 3 mM Cho, 5 mM actate, 12.5 mM Glu, and 7.5 mM
mI, pH 7.2, 0.1% Magnevist) and five normal adult human
subjects were scanned. The human subjects were studied
under approval of the University of Hawaii and Queens
Medical Center Joint Institutional Review Board.

In the human scans we assumed that the body coil had
a uniform transmit profile �(x,y) � 1. In one of the phan-
tom scans, however, we included an analytical estimate
for the body coil sensitivity:

��x,y� � 1 � Ae��	�x/x0�2
�y/y0�2�. [8]

This equation represents a 2D Gaussian subtracted from
unity to compensate for the increased magnitude in the
image center due to body coil inhomogeneity. The param-
eters A, x0, and y0 were used to adjust the magnitude and
width of the 2D Gaussian function in an ad hoc fashion by
visual inspection of the images. This was done to demon-
strate that a complete correction requires consideration for
both transmit and receive B1 inhomogeneity.

Two methods were used to analyze B1 inhomogeneity in
the resultant slices. The first approach constructed histo-
grams of the image magnitude distributed among all of the
pixels in an image (25). A smaller width of the histogram
is indicative of the degree of magnitude uniformity. The
width was determined by a least-squares fit of the histo-
grams with a Gaussian function g(m):

g�m� � ae�
�x�b�2

c2 , [9]

where m is the bin number, and the parameters a, b, and c
were determined by the fitting procedure. The full width

FIG. 3. The circles show the experimental slice profile obtained
from a transmit SENSE fast-kz 3D TRF pulse in a uniform phantom.
The solid line shows a Gaussian fit with a half width of 4.7 mm.

FIG. 2. Example of one of eight 4.3-ms-long transmit SENSE fast-kz

3D TRF pulses used in the imaging experiments. The rows from top
to bottom are the real and imaginary parts of the RF, and the x, y,
and z gradients.
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half at maximum (FWHM) of the histograms was calcu-
lated with

FWHM � 2c�ln(2). [10]

The second method was to calculate the normalized
standard deviation (SD/mean) of all of the pixel magni-
tudes in a given slice, excluding the region outside brain.
A larger SD is indicative of a large degree of B1 inhomo-
geneity. The data analyses and statistical methods were all
performed using Matlab.

RESULTS

Figure 3 shows the experimental slice profile from a trans-
mit SENSE 3D TRF pulse taken in the uniform phantom.
Also shown is a Gaussian fit to the data that yields a slice
thickness of 4.7 mm, in good agreement with the desired
5 mm. Figure 4a shows example sensitivity maps for one
slice in a subject. Figure 4b shows the corresponding eight
individual coil images acquired using an R � 1.5 pulse
(the middle slice in Fig. 5b shows the complex sum of
these eight images).

FIG. 4. a: Example of the eight estimated sensitiv-
ity maps for a human brain slice. b: The corre-
sponding eight individual coil magnitude images
acquired using an R � 1.5 transmit SENSE pulse
tailored for that coil. The complex sum of the eight
images is shown by the middle image in Fig. 5b.

FIG. 5. a: Images of a uniform phantom excited
with an R � 1 transmit SENSE pulse without (left)
and with (middle) the body coil sensitivity correc-
tion, and an image obtained from complex sum-
mation using a standard pulse (right). b: Brain im-
ages obtained using R � 1 (left) and R � 1.5
(middle) transmit SENSE pulses, and an image ob-
tained using the complex sum and standard pulse
(right).
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Figure 5a shows images of the uniform phantom excited
with an R � 1 transmit SENSE pulse without (left) and
with (middle) the additional correction for the body coil
sensitivity given by Eq. [8]. The image on the right shows
the result of complex summation using the standard pulse.
All of the images are shown with the same window and
level. Visual inspection shows that the image acquired
with the standard pulse is the most inhomogeneous. Note
that the inhomogeneity from the body coil is also apparent
in the left and right images and was corrected in the
middle image. Although the transmit SENSE technique is
focused on reducing transmitter B1 inhomogeneity, this
demonstrates that both transmitter and receiver B1 inho-
mogeneities need to be considered. Figure 5b shows a
comparison of a brain image obtained from one subject
using R � 1 (left) and R � 1.5 (middle) transmit SENSE
pulses, as well an image obtained using the complex sum
and standard pulse (right). All of the images are shown
with the same window and level. By visual inspection, the
images acquired with the transmit SENSE pulses are more
uniform than the image obtained using the standard pulse.

Figure 6a shows histograms of the distributions of pixel
magnitudes in the phantom images shown in Fig. 5a. The
half widths of the histograms were measured to be 7.9, 3.6,
and 2.3 for the standard pulse and the transmit SENSE
pulse without and with the body coil sensitivity compen-
sation. Figure 6b shows histograms of the distributions of
pixel magnitudes in the brain images shown in Fig. 5b.
The images acquired with the transmit SENSE pulses have
narrower histograms. Note that although no additional
aliasing is seen in the image acquired with the R � 1.5
pulse, the additional excitation resolution provided by the
pulse (4.9 cm) did not produce any noticeable improve-
ment in image uniformity. The FWHM of histograms and
the SD/mean measurements of slices obtained in all five
subjects are listed in Table 1. Both the FWHM and SD/
mean measurements of the transmit SENSE pulse images
are smaller than the corresponding slices generated using
the standard pulse. A t-test was performed to compare the
FWHM and SD/mean of the transmit SENSE slices with
those of the slices generated with the standard pulse. The
subsequent P-values all indicate that the differences in
means of these parameters are statistically significant.

DISCUSSION AND CONCLUSIONS

This work presents a theoretical description of the inher-
ent B1 inhomogeneity compensation property of the trans-
mit SENSE technique, as well as a demonstration using a
practical slice-select 3D TRF pulse implementation. We
also devised a work-around to mimic transmit SENSE
using a phased-array receiver and complex summation.
This requires an assumption of linearity as well as the
existence of a transmit array with sensitivities similar to
those of a typical receiver array. These assumptions appear
to be reasonable, as demonstrated in a previous work that
compared parallel transmission to complex summation
(21). We found that the transmit SENSE pulses at 3T pro-
vided a statistically significant improvement in image uni-
formity compared that obtained using a standard pulse. As
in our previous work (15), the fast-kz pulse design pro-
vided a practical 3D TRF implementation for a 5-mm-thick
slice. We found that 4.3-ms-long pulses with a 7.3-cm

excitation resolution (R � 1) and 22-cm excitation FOV
were adequate at 3T. Furthermore, multiple slices in a
single subject should present no difficulty. In this study
we used flip angles of only 30°; however, an investigation
of larger flip angles will be conducted in the future.

The limitations of this work include the lack of a dem-
onstration using parallel transmission hardware. Only a
few centers will be equipped with such systems for the
near future. As such, we were unable to perform a true
comparison of transmit SENSE with simultaneous trans-
mission (“B1 shimming”) using pulses with optimized
magnitudes and phases. It may be that B1 shimming tech-
niques can offer equivalent image uniformity; however,
our results indicate that transmit SENSE pulses show
promise and are reasonably practical to implement. It is
also possible that a single pulse used with multiple trans-
mitters, or the previously described pulse (15) using a
volume coil are just as effective at compensating for the

FIG. 6. a: Histograms of pixel magnitudes from the phantom im-
ages shown in Fig. 5a. The black, light gray, and gray lines are from
the left, middle, and right images, respectively. b: Histograms of
pixel magnitudes from the phantom images shown in Fig. 5b. The
black, gray, and light gray lines are from the left, middle, and right
images, respectively.
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transmitter B1 inhomogeneity. Multiple transmitters may
not be absolutely necessary. The use of one transmitter or
one pulse would simplify implementation; however, it
would not be possible to obtain reduction factors or other
benefits of multiple transmitters, such as power manage-
ment.

Although we show in Fig. 5a that both transmitter and
receiver inhomogeneity may be incorporated into the
pulse design, this was done only for demonstrative pur-
poses. We believe that the receiver inhomogeneity would
be better addressed during reconstruction. The use of par-
allel transmission has also been proposed to address the
problems of ultrahigh-field imaging, such as at 7T (17).
Although our demonstration was performed at 3T, there is
no theoretical reason to suggest that some implementation
of transmit SENSE would not have a possible role at ultra-
high fields. The use of ultrahigh fields, as well as the
effects of power absorption and large flip angles, will need
to be evaluated before final judgment can be made.
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Table 1
Full Width at Half Maximum (FWHM) of Histograms as Well as Standard Deviations (SDs) Divided by the Mean of the Image
Magnitudes of the Human Brain Slices*

FWHM SD/mean

Transmit SENSE Standard pulse Transmit SENSE Standard pulse

Slice 1 0.16 0.22 0.13 0.17
Slice 2 0.15 0.22 0.13 0.16
Slice 3 0.15 0.27 0.12 0.16
Slice 4 0.17 0.23 0.15 0.19
Slice 5 0.15 0.26 0.15 0.18
P-value 0.0002 0.003

*Also shown are P-values from a t-test between the slices excited using the transmit SENSE pulse (R � 1) and the standard pulse.
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