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ABSTRACT: Following the development of parallel imaging, parallel transmission describes the use of multiple RF transmit
coils. Parallel transmission can be applied to improve RF excitation, in particular, multidimensional, spatially selective RF
excitation. For instance, parallel transmission is able to shorten spatially selective RF pulses in two or three dimensions, or to
minimize the occurring SAR. One potential major application might be the compensation of patient-induced B1

inhomogeneities, particularly at high main fields. This paper provides an overview of selected aspects of this new
transmission approach. The basic principles of parallel transmission are discussed, initial experimental proofs are described,
and the impact of error propagation on coil design for parallel transmission is outlined. Copyright # 2006 John
Wiley & Sons, Ltd.
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INTRODUCTION

The introduction of multiple receive coils in the 1980s
denotes an important milestone in the history of MRI
(1,2). Multiple receive coils offer a degree of freedom that
can be utilized in several directions. On one hand, the
signal-to-noise ratio (SNR) can be improved (2) or on the
other hand, as suggested in the late 1980s, multiple
receive coils can be used to shorten the acquisition (3,4).
This approach, nowadays called ‘parallel imaging’, can
be divided into two basic techniques, named ‘simul-
taneous acquisition of spatial harmonics’ (‘SMASH’) (5)
and ‘sensitivity encoding’ (‘SENSE’) (6). The original
difference between these approaches is that the central
matrix inversion present in both is performed in the
Fourier domain or in the spatial domain.

Equivalent to the development of parallel imaging,
multiple transmit coils could be utilized to perform
‘parallel transmission’. The young history of ‘parallel
transmission’ shows some similarities to the develop-
ments in parallel imaging. With the introduction of
human high field proton MR systems, problems of B1

inhomogeneities caused by dielectric resonance effects
came into focus. Multiport excitation for birdcage-type
coils was proposed as a measure to improve the RF
homogeneity in the excited volume (7,8). The underlying
hardware could thus be considered as a multielement
transmit coil array, which allows independent adjustment

of the phase and amplitude of the otherwise identical
waveforms for the individual ports. Meanwhile initial
attempts have been made to show the basic feasibility of
this concept for RF shimming (9–12).

Recently, RF pulses were suggested, which differ not
only in amplitude and phase, but in the complete time-
course for the individual transmit channels (13,14). This
degree of freedom offers the possibility to improve
spatially selective multidimensional RF pulses (15), for
example, by shortening the pulse duration, enhancing
their spatial definition, or reducing their required RF
power. This might be useful for volume selective
excitation (15,16) [e.g. for MR spectroscopy (17)] or
outer volume signal suppression, for curved slice imaging
(18), or for navigators employed for motion sensing (19).
Furthermore, parallel transmission might ease the
application of three-dimensional pulses (17,20–22),
which are limited by the finite lifetime of the transverse
magnetization and the main field homogeneity. Finally,
the compensation of patient induced RF inhomogeneities
seems to emerge as a major application of the approach
(11,23,24), particularly at high main fields.

Based on the analogy between RF pulse design andMR
imaging (15,25), parallel transmission applies the
principles of parallel imaging to RF transmission
(13,14). As in parallel imaging, the two different
approaches proposed for parallel transmission differ in
the central matrix inversion. Either it is performed in the
Fourier space (13) or in the spatial domain (14). While the
first approach is capable of supporting arbitrary trajec-
tories in the excitation k-space, the latter is restricted to
Cartesian ones.

In the present paper both parallel transmission
approaches will be briefly outlined. Simulations are
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presented illustrating basic aspects of parallel transmission
and first experimental steps are summarized. Furthermore,
consequences for the error propagation will be investigated
and basic considerations on coil design will be discussed.

THEORY

In parallel MR imaging, k-space is undersampled, while
data acquisition is performed with a number of individual
receive coils. Thus, the central question in parallel
imaging might be formulated as follows: given multiple
measured, undersampled data sets from the individual
coils, how does one get a single, entire image? This
question has been answered so far by Sodickson et al. (5)
and Pruessmann et al. (6) and numerous other authors—
see other papers in this volume for references.
In the case of parallel transmission using multiple

transmission coils, the analogous question could be: given
a single, entire spatial excitation pattern as a target, how
does one get the individual, undersampled spatial patterns
for each of the individual transmit coils? In the following,
the answer to the latter question will be briefly outlined.
Mathematical details can be found in the corresponding
literature (13,14).
Put more formally, the above-mentioned question

reads: what undersampled spatial patterns Pi(x) have to be
simultaneously excited by the N transmit coils, each
exhibiting a characteristic sensitivity profile Si(x), to
obtain the desired excitation pattern Pdes(x)? This leads to
eqn (1), which turns out to be the central equation of
parallel transmission

PdesðxÞ ¼
XN

i¼1

SiðxÞPiðxÞ (1)

Here, Pdes(x) is defined within the field of excitation
(FOX), assumed to be discretized on M spatial pixels. The
linear equation (1) states that the superposition of all the
individual pulse profiles Pi(x), weighted by the correspond-
ing (complex) coil sensitivity profiles, should yield the
desired excitation pattern. It is assumed, that the Si(x) are
known via B1 mapping techniques (26–28). If the transmit
coils can be used in the receive mode as well, methods
known from parallel imaging can be employed, assuming
the reciprocal principle holds (6,29). To derive the unknown,
wanted waveforms B1i(t) for the N transmit coils from
eqn (1), the following three steps have to be performed.
(1) Equation (1) has to be transformed into the Fourier

domain. Thus, instead of the unknown Pi(x) given in
eqn (1), now the equation contains the unknown pi(k):

pdesðkÞ ¼
XN

i¼1

SiðkÞ $ piðkÞ (2)

This step is performed, since the B1 waveform to excite
a desired magnetization pattern is just its Fourier

transform sampled along the chosen k-space trajectory
multiplied by some trajectory-dependent weighting
coefficients. This is according to Pauly’s RF pulse design
concept based on the small tip angle approximation (15),
which can remain a useful approximation for selected
excitation k-space trajectories even for higher flip angles
(30).

In a slightly different formulation of eqn (2) (31), only
thePi(x) term in eqn (1) is transformed to Fourier domain:

PdesðxÞ ¼
XN

i¼1

SiðxÞ Aðx;kÞpiðkÞ (3)

where the Fourier encoding matrix A% exp(ixk) has
explicitly been introduced (31). This approach can be
convenient, for example to restrict the excitation pattern
Pdes(x) to a finite area within the FOX.

(2) To solve for the required pi(k), eqn (2) has to be
‘inverted’, which is a nontrivial task for the general case
of an arbitrary k-space trajectory. To facilitate this, the
sensitivities si(k) have to be grouped into a single,
‘invertible’ sensitivity matrix sfull, and, correspondingly,
the individual pi(k) to a single vector pfull (13):

pdesðkÞ ¼ sfullðkÞpfullðkÞ (4)

Then, this re-formulated equation can be solved using
the pseudoinverse sþfull, which is the optimal solution in the
least squares sense:

pfull ¼ sHfull sfulls
H
full

! "'1
pdes ¼ sþfull pdes (5)

The individual excitation patterns pi(k) can be
extracted from pfull, which represents the general solution
to eqn (2) without any additional constraints. The
separation of the pi(k) starting from eqn (3) instead
eqn (2) can be performed using a corresponding
procedure.

We now consider the special case of a Cartesian, echo-
planar like k-space trajectory, which is uniformly under-
sampled in one dimension. In this case, in the spatial
domain voxels are folded onto each other in groups with
small numbers in each, which is described by the
corresponding point spread function of the sampling
scheme. As known from parallel imaging, this special
case can be solved in the spatial domain (6) and leads to a
small size of the sensitivity matrix to be inverted. This
approach was chosen by Zhu (14), where the solution for
the pi(k) is written as an integral over the FOX:

piðkÞ ¼
Z

FOX

hiðxÞPdesðxÞe'i2pkxdx (6)

In this equation, the hi are derived from the inversion of
a sensitivity matrix C[S1(x), S2(x),. . ., SN(x)] (14). The
inversion of this sensitivity matrix C is the central step of
the approach and might be compared with the inversion of
the matrix sfull [eqn (4)]. Both matrices sfull and C depend
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solely on the spatial sensitivity distributions Si, but differ
in their detailed definition (13,14).

(3) Once the pi(k) are calculated via eqn (5) or (6), the
mapping dk!W (t)dt between k and t according to the
chosen k-space trajectory has to be performed. This yields
the actual B1 waveforms applied in the time domain. The
weighting function W(t) corresponds to the k-space
sampling density, which is constant for Cartesian
trajectories. The wanted waveforms can be calculated
for each individual coil via

B1iðtÞ ¼ WðtÞpiðkðtÞÞ (7)

The resulting degree of freedom introduced by the use
of multiple transmit coils can be exploited in several
directions. A major application is given by the reduction
of the pulse duration by a factor R, corresponding to the
reduction of acquisition time in parallel imaging. Instead
of reducing the pulse duration, the spatial definition of the
excitation pattern can be increased without changing the
pulse duration. A further possibility is to utilize multiple
transmit coils is to reduce the required RF power, and
thus, the occurring specific energy absorption rate (SAR)
(13,14,32). The reduction of the RF power can be
demonstrated by solving eqn (4) using a modified least
square error function d:

d ¼ pdes ' sfull pfull
## ##2þl pfull

## ##2 (8)

introducing the regularization parameter l (33). The first
term on the right-hand side of eqn (8) accounts for the
correct excitation of the desired pattern. The second term
on the right hand side, i.e. the minimum norm condition,
ensures that the vector pfull is also minimized. The norm
kpfullk is proportional to the time-integrated B1 wave-
forms of all coils:

pfull
## ##2 (

XN

i¼1

Z
B2
1iðtÞdt ( PRF (9)

which again is proportional to the RF power PRF required
for the corresponding excitation. Thus, solving eqn (8)
replaces eqn (5) with

pfull ¼ sHfull sfull s
H
full þ l

! "'1
pdes (10)

which leads to B1 waveforms with PRF minimized
within the given experimental setup. As shown in
ref. (11), PRF could be taken as an estimate for the
occurring SAR, defined via the electrical fields ~Ei of the
different transmit elements:

SAR (
XN

i¼1

~Ei

 !2

(11)

Instead of minimizing the mean RF power via eqn (8),
it is also possible to minimize peak values of the RF

pulses (34). This might help to circumvent restrictions
arising from limited amplifier performance.

As discussed above, a different form of parallel
transmission is performed in RF shimming, which is
desirable especially for high field applications. Here, the
amplitudes Ai and phases fi of the otherwise identical B1

waveforms are adjusted for the different transmit array
elements I to yield optimal spatial excitation homogeneity
(7–9). The optimum Ai and fi can be derived from eqn (1)
if the individual excitation pattern Pi(x) are replaced by
constant weighting factors Fi¼Ai exp(ifi). In this case,
eqn (1) can be solved for the Fi via a matrix inversion in
the image domain, choosing a constant Pdes(x). Also non-
constant Pdes(x) might be chosen in this framework.
Formally, the Fi can be interpreted via eqn (2) as
the asymptotic limit of spatially selective RF pulses with
a pulse length reduced to only one data point, i.e.
R¼M (35).

SIMULATIONS

It is important to know how sensitive the RF pulse
performance is on the transmit coil array geometry. This
pulse performance has been studied via electromagnetic
simulation tools, modeling different experimental setups.
In these studies, the transmit elements of the simulated
coil arrays are assumed to be fully decoupled, to
concentrate on the ideal behavior of the approach. The
transmit elements are modelled using ‘typical’ sensitivity
distributions, and thus represent typical examples of RF
pulse performance. Moreover, simplified patient models
are applied using typical electrical properties. Further
details can be found in Refs (35–37).

One possible benchmark for the RF pulse performance
is excitation error, defined as the root mean squared
difference between desired and obtained excitation
pattern. Our simulations showed that, for an array of
N¼ 2 transmit elements and a time reduction of R¼ 2,
this excitation error is significantly enhanced only for
very artificial cases (36). In these simulations, a transmit
array of circular coils, tuned to 128MHz, and a circular
desired excitation pattern were assumed. First, the two
coils were placed on top of each other, which of course
leads to a divergent solution. Placing the two coils apart
with a certain angular distance Dw yielded satisfactory
results for Dw) 3–58 (Fig. 1). For larger Dw, no further
decrease of the resulting excitation error in the simulated
excitation pattern was observed (36). These simulations
were extended for larger numbers of transmit elements
and higher reduction factors (35). Here, parallel
transmission was applied to obtain a homogeneous RF
excitation inside a spherical head model simulating a
TEM resonator at B0¼ 3T with up to N¼ 32 transmit
elements (Fig. 2). As one might expect, the excitation
error increases with increasing reduction factors.
However, at least within the simplifications of this
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simulation, high reduction factors seem to be feasible, i.e.
residual errors were still below the expected system noise.
Figure 2 furthermore underlines that, the more coils used,
the lower the excitation error. Alternatively, by accepting
larger errors, it is also possible to increase the reduction
factor beyond the number of transmit coils used. Such a
case corresponds in parallel imaging domain to the case
of ‘underdetermined SENSE’ (38). Figure 2 is based on a
Cartesian k-space trajectory. Using a spiral trajectory, the
excitation error shows qualitatively the same overall
behavior; however, it is roughly three times higher than in
the Cartesian case. This difference, which is also visible
in Fig. 1, is not a feature of parallel transmission. It is
caused by gridding effects between the Cartesian

definition of the desired excitation pattern and the non-
Cartesian k-space trajectory.

When the sensitivity matrix sfull to be inverted becomes
ill-posed, the norm of the resulting vector pfull, containing
the RFwaveforms, may increase. As discussed above, this
increase would lead to an increase of the required RF
power and the SAR, respectively. Thus, SAR could serve
as a more stringent coil design criterion than the
excitation error discussed before. This is confirmed by
a simulation similar to that described above (36), where
mean SAR is calculated via eqn (11) for N¼ 2 circular
coils and R¼ 2. As expected, an angular coil distance of
Dw¼ 1808 yields minimal SAR, i.e. the coils should be
placed on opposite sides of the patient (Fig. 3). The
simulation shows that deviations of more than Dw% 458
from the optimal position Dw¼ 1808 are necessary to
cause SAR increase of more than 10% (36).

As for the excitation error discussed above, the SAR
estimation via eqn (11) was repeated for the case R, N> 2
to model the situation for the TEM resonator head coil
described above (Fig. 4) (37). The optimal case is given if
the repetition time is assumed to remain unchanged while
reducing the RF pulse duration. Here, the reduction factor
R has no significant impact on SAR. The worst case
occurs when the repetition time is chosen to be the
minimum consistent with the RF pulse duration, which
leads to a roughly linear increase of SAR with R.

To summarize these findings, it seems that the RF pulse
performance proves to be fairly stable, and thus, problems
caused by ill-posed inversion appear to play only a minor
role in parallel transmission. This allows greater freedom in
the design of coil arrays for parallel transmission than for
parallel imaging. On the other hand, since only ‘typical’
example coils have been used for these simulations, the
development of dedicated transmit arrays may turn out to
stabilize the RF pulse performance even further.

Figure 1. Influence of the coil array geometry on the
desired circular excitation pattern (simulation scenario
depicted in the inlay). The excitation error, i.e. the standard
deviation between desired and excited pattern, is depicted
for two transmit coils and R¼ 2. For both the Cartesian and
the spiral k-space trajectory, the reconstruction error
increases only for Dw<2–48, i.e. for coils lying almost on
top of each other

Figure 2. Influence of the number of transmit elements N
and the reduction factor R on the excitation result for the
compensation of B1 inhomogeneities at 3 T (simulation
scenario depicted in the inlay). The excitation error, i.e.
the standard deviation between desired and excited pattern,
is depicted as a function of N and R. The filled symbols
indicate cases N<R, the open symbols cases N) R. A
Cartesian k-space trajectory is used. The asymptotic limit
is given by adjusting amplitude and phase of each array
element (‘RF shimming’)

Figure 3. Influence of the coil array geometry on required
RF power (simulation scenario depicted in the inlay). Two
transmit coils and a reduction factor R¼ 2 are assumed.
Decreasing the angle between the coils from Dw¼ 1808 to
Dw¼1308 enhances the required RF power by roughly 20%
for both trajectories regarded
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EXPERIMENTS

The theoretical development of parallel transmission
preceded practical capabilities for experimental tests by
several years. Lack of suitable MR systems required
experimental confirmation of parallel transmission to be
realized using work-arounds (13,14). To mimic scanning
with different transmit coils, experiments were broken
down into separate sub-experiments each using a different
RF excitation waveform and transmit coil. In these
separate sub-experiments, the RF pulse profiles have been
measured for the different B1 waveforms and added
afterwards (Fig. 5). This final superposition was
equivalent to a single experiment transmitting all RF
pulses simultaneously, provided the small tip angle
approximation can be applied.

In parallel to these experiments, multielement-transmit
coils were being developed (39–41) in preparation for
truly multichannel MR systems. In the next step, parallel
transmission was performed using genuinely simul-
taneous RF pulses, differing, however, only in the overall
amplitude and phase (9–12). This setup allowed reduction
of RF inhomogeneities, confirming predictions of
previous simulations (8).

Then, two groups demonstrated prototype MR systems
capable of parallel multidimensional pulses (12,42). In
one case, four 1.5 T spectrometers (EXCITE II/General
Electric Health Care, USA) were combined to drive an
eight-channel head coil and a six-channel planar surface
coil (42). A master/slave mode was implemented,
synchronizing all transmit channels at a nanosecond
level. The B1 maps were acquired similar to the technique
described in Ref. (6). In this framework, a rectangular

pattern, discretized on a 32* 32 grid, was excited using a
reduction factor R¼ 4. The accuracy of the pattern
reproduction was above 90%. The approach was also
applied to RF shimming (11).

Simultaneously, experiments were presented from a
4.7 T system (BioSpec/Bruker BioSpin MRI, Germany)
(12). This system was equipped with an N¼ 3 channel
current-sheet-antenna array integrated into a birdcage-
type resonator owning a homogeneous transmit profile. A
checkerboard target pattern was excited using a modified
spin-echo sequence with a two-dimensional spatially
selective excitation and slice selective refocusing. The
result for the unreduced case R¼ 1, i.e. using a spiral
k-space trajectory with 16 revolutions and the resonator,
is shown in Fig. 6(a). Using the three-channel system,
reduction factors R¼ 2 and R¼ 2.67 were realized, i.e. a
spiral k-space trajectory with eight and six revolutions,
respectively [Fig. 6(b and c)]. Only minor image quality
degradation was observed for these cases: the corre-
sponding correlations decreased by less than 1%. Instead,
under off-resonance and B0 inhomogeneity conditions,
results of parallel transmission clearly outperform the
unreduced case. Here, an increase of the correlation of up
to 20% has been observed (12).

Figure 4. SAR simulated for an eight-channel TEM resona-
tor head coil (simulation scenario depicted in the inlay). The
SAR is calculated assuming a Cartesian trajectory and a
reduction factor R equal the number of transmit elements
N. If TR is kept constant, the fraction of the RF pulse duration
decreases with increasing R. Here, the resulting simulated
SAR is in first order independent of R. In the worst case, TR is
chosen to be hardly longer than the RF pulse duration. The
simulation yields a roughly linear increase of SAR in R

Figure 5. Early parallel transmission experiments using suc-
cessive single-channel excitations. (a) Results using a planar
array of nine coils and a reduction factor of R¼ 4. The first
nine lines show the individual patterns excited by the indi-
vidual elements of the transmit array. The bottom line shows
the resulting superposition of the individual excitation pat-
terns yielding the desired rectangular pattern in the center of
the FOX (14). (b) Results using two transmit setups and a
reduction factor of R¼2. The two upper images show the
individual excitation patterns measured for the two different
coil sensitivities employed. The lower image shows the
resulting superposition of the individual excitation patterns
yielding the desired circular pattern (13). In both approaches,
the aliasing artifacts visible in the individual excitations
patterns in the upper rows are reduced significantly in the
final result shown in the bottom row
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DISCUSSION

The concept of parallel transmission was developed to
improve multidimensional RF pulses. After numerous
theoretical investigations and numerical simulations in
this field, the first experimental steps were taken to prove
the basic feasibility of parallel transmission. Work is now
starting on practical systems that will allow parallel
transmit to be fully tested and clinical applications
developed as we move towards parallel transmit being a
standard feature of modern high-field MR systems.
Several issues warrant further consideration as follows.
Noise in parallel transmission might originate from, for

example, the D/A converting process and RF amplifier
imperfections. This system noise affects the individual
pulse profiles PI(x) , and thus influences the final result in
a linear way as a superposition in the spatial domain
[cf. eqn (1)]. Errors in the coil sensitivity profiles caused
by noise or measurement imperfections also influence the
final resulting linearly via eqn (1). It is important to note
that the system noise does not interact with the central
matrix inversion [eqn (5)]. This is a crucial difference
with respect to parallel imaging, where the system noise
generated in the receive chain is enhanced, if the matrix
inversion is ill-conditioned (6). In parallel imaging, the
inverted matrix is multiplied by the measured data
bearing noise. In parallel transmission, the inverted
matrix is multiplied by the desired excitation pattern,
which is free from noise (Fig. 7). In that respect, the
concept of the geometry factor as deduced for parallel
imaging (6) cannot be adapted directly to parallel
transmission.
If the inverse problem of parallel transmission is ill-

posed, the superposition of eqn (1) does not lead to a
complete cancellation of the subsampling artifacts, and
noise-like aliasing structures appear in the final result.
The problem becomes ill-posed if the spatial frequency
components of the actual coil sensitivity profiles are not
able to compensate for the missing parts of a reduced k-
space trajectory. Thus, a proper interplay between the coil
sensitivity profiles and the involved trajectories has to be

found. From this interplay, conditions for the sensitivity
profiles, and thus, the used coil array can be derived.

Parallel transmission is not simply the reciprocal of the
parallel acquisition case. Both parallel transmission and
imaging are a combination of a forward and an inverse
matrix problem. Neither the front end of the MR system
(i.e. the coil array) nor the spin system of the patient’s
body is able to invert a matrix. However, the scanner can
superimpose all kinds of magnetic fields to act on the
magnetization, which is equivalent to solving a forward
problem. The inverse problem has to be solved on the host
computer (i.e. the back end of the MR system). The data
flows from back end to front end for parallel transmission
and vice versa for parallel imaging. However, where the
inverse problem is solved, it cannot be shifted from the
back end to the front end. The inverse problem must be
solved on the back end of the MR system, irrespective of
the direction of the data flow. This might explain why
parallel transmission cannot be derived by simply
inverting the parallel imaging algorithm.

Comparing the time reduction factor Rwith the number
of available transmit coilsN, the three cases R¼N, R<N,
and R>N can be distinguished. In parallel imaging, first
the more obvious cases R+N have been studied (6). Later
it was shown, that parallel imaging is also possible using
R>N, if R is chosen within certain limits (38). In parallel
imaging, R<N defines an overdetermined and R>N an
underdetermined set of equations. Regarding parallel
transmission, corresponding scenarios of R and N can be
defined. However, in the mathematical framework, the
case R>N now defines an overdetermined set of equation
and vice versa. For instance, it is assumed that the desired
magnetization pattern to be excited in the FOX is
discretized on M spatial points, which enter the
calculation. From these data, the waveforms for the N
coils are derived, each consisting of M/R data points.
Thus, the number of data points N ,M/R to be derived is
smaller than the number M of input data points, if R>N,
leading to an overdetermined scenario in opposite to
parallel imaging. A further difference between parallel
imaging and parallel transmission is given by the

Figure 6. Experimental results from a 4.7 T system
equipped with a N¼3 channel transmit array integrated
into a birdcage-type resonator with a homogeneous transmit
profile (12). (a) Result for the unreduced case (R¼N¼1)
using the resonator. (b) Result for the reduction factor R¼2
using the N¼ 3 channel system. (c) Result for the reduction
factor R¼2.67 using the N¼3 channel system

Figure 7. Schematic comparison of parallel transmission
and imaging. Experimental noise comes into play after/
before the inversion of the sensitivity matrix, which leads
to a larger robustness of parallel transmission than parallel
imaging
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available a priori knowledge, i.e. a suitable estimation of
the expected result. This a priori knowledge can be used
to stabilize the inverse problem by minimizing the
distance between calculated and expected result [cf. eqn
(8)], particularly for underdetermined cases. In parallel
imaging, any estimations of the final anatomic image can
serve as a priori knowledge. In parallel transmission,
the expected result is not the reconstructed image, but the
B1 waveforms of the individual coils. The estimation of
B1 waveforms is a non-trivial task, and only zero B1

waveforms have been applied as a priori knowledge for
cases R>N in the literature (35). Figure 2 shows the
principle feasibility of this scenario, which for the limit
R-N coincides with the ‘classic’ RF shimming via
multiport excitation (8).

A couple of approaches for compensating system
imperfections have been developed for spatially selective
RF pulses, e.g. B0 inhomogeneities, imperfections in the
excitation k-space trajectory or concomitant gradients (25).
It might be emphasized, that these approaches are also
applicable for parallely transmitted, spatially selective RF
pulses (31). Similarly, other measures for RF pulse
optimization might be carried forward to parallel trans-
mission, e.g., the impact of the k-space trajectory on the
occurring SAR (43) or designing three-dimensional
trajectories exciting slices with a sharp profile and a low
resolution in-plane homogeneity correction (44).

SUMMARY

Parallel transmission follows the development of parallel
imaging. Parallel transmission can be used to shorten the
duration of spatially selective RF pulses or to increase
their spatial resolution definition while maintaining
the pulse duration. Other potential applications could
include the reduction of the required RF power, i.e. the
SAR, or RF shimming. Since parallel transmission is not
just the reciprocal version of parallel imaging, the error
propagation in parallel transmission does not lead to
pronounced nonlinear effects as observed in parallel
imaging, described by the geometry factor.

First prototypes of MR systems fully capable of
parallel transmission have recently been presented. Initial
experiments confirmed the feasibility of the approach,
and further studies for an enhanced understanding of
parallel transmission will follow. Very likely, future
standard high-field MR systems will be capable of
parallel transmission. These MR systems will be able to
improve RF pulses in many respects, thus opening a wide
range of new and exciting applications.
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