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Abstract

Spoke  trajectory  parallel  transmit  (pTX)  excitation  in  ultra-high  field  MRI  enables  B+
1 inhomogeneities  arising  from  the

shortened RF  wavelength  in biological  tissue  to  be  mitigated.  To  this  end,  current  RF  excitation  pulse  design  algorithms
either employ  the  acquisition  of  field  maps  with  subsequent  non-linear  optimization  or  a  universal  approach  applying  robust
pre-computed pulses.  We  suggest  and  evaluate  an  intermediate  method  that  uses  a  subset  of  acquired  field  maps  combined
with generative  machine  learning  models  to  reduce  the  pulse  calibration  time  while  offering  more  tailored  excitation  than
robust pulses  (RP).
The  possibility  of  employing  image-to-image  translation  and  semantic  image  synthesis  machine  learning  models  based  on
generative adversarial  networks  (GANs)  to  deduce  the  missing  field  maps  is  examined.  Additionally,  an  RF  pulse  design
that employs  a predictive  machine  learning  model  to  find  solutions  for  the  non-linear  (two-spokes)  pulse  design  problem  is
investigated.
As a  proof  of concept,  we  present  simulation  results  obtained  with  the  suggested  machine  learning  approaches  that  were
trained on  a limited  data-set,  acquired  in  vivo.  The  achieved  excitation  homogeneity  based  on  a  subset  of  half  of the  B+

1
maps  acquired  in  the  calibration  scans  and  half  of  the  B+

1 maps  synthesized  with  GANs  is  comparable  with  state  of  the
art pulse  design  methods  when  using  the  full  set  of  calibration  data  while  halving  the  total  calibration  time.  By  employing
RP dictionaries  or  machine-learning  RF  pulse  predictions,  the  total  calibration  time  can  be  reduced  significantly  as  these
methods take  only  seconds  or  milliseconds  per  slice,  respectively.
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the sub-sampled measured maps are completed by artificial
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1 Introduction

Magnetic resonance imaging at ultra-high field (UHF) has
the potential to provide a higher signal-to-noise ratio (SNR)
and increased spatial resolution [1]. However, these benefits
are not without cost, as increased field strengths lead to incre-
ased RF inhomogeneities and higher energy deposition with
a correspondingly increased specific absorption rate (SAR)
burden [1–3]. The application of pTX [4,5] can be used to
remedy these drawbacks as it offers more degrees of freedom
with which to tailor the spatial excitation. This is because
the “spoke” k-space trajectory [6] of the parallel transmitted
pulses can compensate for inhomogeneities in both the exci-
tation B+

1 field [7] and the B0 field on a slice-selective basis.
A magnitude least squares (MLS) RF pulse design [8] offers
additional degrees of freedom as it optimizes for a homoge-
neous excitation field magnitude without placing constraints
on the excitation phase. However, the magnitude operation
is non-linear and thus casts the optimization problem into
non-convex space. Thus, the optimization becomes prone to
converge into local minima that may exhibit signal voids [9] if
no suitable starting points are supplied [10,11]. Safety relevant
SAR and hardware constraints (e.g. maximum transmit power
per channel) are often imposed in MLS-based pulse designs
[12], either as regularization terms or in the form of expli-
cit constraints. In addition to optimizing for channel weights
only, joint designs of RF pulse-weights and transmit k-space
trajectory are common strategies for optimization [10,13,11].

As an alternative to such a patient-specific design of pTX
excitation pulses, the concept of “universal pulses” has been
proposed for brain imaging [14,15]. These are pre-calculated
pulses, optimized over a wide range of brain anatomies, so
that tissue can be excited in a broad scope of applications
without requiring the measurement of B+

1 or B0 maps. The
universality of these pulses is offset against reduced excitation
homogeneity and slightly higher SAR-burden when compared
with patient-specific designs. Recently, so-called fast online-
customized (FOCUS) pTX pulses have been proposed that
combine universal pulses UP, based on a spiral non-selective
k-space trajectory, with a subsequent subject-specific pulse
optimization [16].

Deep neural networks can approximate complex, non-linear
functions using a composition of simple non-linear functi-
ons [17]. Usually, in discriminative learning, a mapping from
input data, x, to a probability of a class label y, i.e. the
conditional probability, p(y|x), is learned [18]. Classification
and regression problems are frequently employed applicati-
ons in discriminative learning [19]. Conversely, in generative
models, the joint probability, p(x, y), is learned [20,21], as well
as the probability distribution p(x) of the input data itself, or at
least an approximation [20]. This makes it possible to generate

new, yet unseen data from the learned probability distribu-
tion p(x). Examples of generative models include variational
autoencoders (VAEs) [22] and GANs [23].
ys 32 (2022) 334–345 335

In the context of pTX pulse design in MRI, machine lear-
ning models have been employed in prior publications. One
recent study [24] describes patient-specific pulse prediction
with an iterative kernel ridge regression algorithm to achieve
SAR-efficient RF-shimming in the head. An example of dis-
criminative learning applied to pTX is the kT-points [25]
pulse design algorithm presented in [26]. The method, termed
“smart pulse” [26], employs a machine learning classifier to
predict the most suitable pulse from population-based clu-
stered sets of RP for calibration-free dynamic abdominal RF
shimming at a static field strength of 3 T and using two trans-
mit channels. GANs have also been previously employed in
combination with MRI. A neural network-based pulses design
has been investigated in [27] in which the authors train the
model to predict single-transmit 2D-RF pulses with the goal
to compensate for B+

1 and B0 inhomogeneities. In [28] (arXiv
preprint) a new method for image reconstruction from sub-
sampled k-space data is proposed that utilizes both GRAPPA
and GANs. The GAN-enhanced method outperformed the
GRAPPA-only version with improved peak signal to noise
and root mean square error (RMSE) on the fastMRI dataset
[29]. The benefits of GANs have also been highlighted by
other studies. For example, GANs were used in [30] for the
synthesis of multimodal imaging data, in [31] to predict the
local SAR distribution in a subject-specific way based on B+

1
maps and in [32] for the reconstruction of MR images. In [33]
a convolutional neural network is trained for SAR reduction
of adiabatic RF pulses to be used in a 2D T2-FLAIR sequence
at 7 T by predicting the required slice-specific RF pulse power
and RF amplitude scaling factors.

To create patient-specific tailored RF pulses with multiple
transmit channels, an initial calibration procedure that acqui-
res subject-specific B+

1 and B0 fields [2] is usually required.
This initial calibration procedure may take several minutes
by itself [1]; therefore the use of RP [14] or “smart-pulses”,
which select a set of UP using a machine learning classifier, are
a means to save time in the clinic. Another approach for incre-
ased time efficiency is a slab-wise pulse design, as proposed
in [34].

Here we examine an intermediate approach between full
calibration and no calibration as a trade-off between uni-
versality and patient-tailored pulse design. With generative
image to image translation models such as pix2pixHD [35]
or spatially-adaptive (de)normalization (SPADE) [36], both
of which employ GANs, we propose synthesizing the mis-
sing B+

1 field maps, which can then be input into the pTX
pulse design algorithm in combination with measured maps.
This only requires the measurement of a subset of all transmit
channels and therefore saves time during pTX measurements.

In order to evaluate the quality of the synthesized B+
1 maps,
maps from the GANs and are used as the input for an MLS
based two spokes pulse design that optimizes both the channel
weights as well as spoke locations [8,37,11]. The performance
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Figure 1. (A) Overview of the proposed method that consists of three main steps that include the initial subsampling (shown is a subsampling
factor of 2), the subsequent second image synthesis step to generate the missing data and the third pulse design step. In this work, three
possible pulse design methods are compared for the third step. (B) B+

1 maps, masks and labels of a 16-channel pTX coil array. The arrows
indicate the direction of image-to-image translation. The measured maps selected as input for the GAN are indicated by colored bars for the
different sub-sampling factors. (C) Encoding of the B+ maps into the RGB space required by the image-to-image translation algorithms.
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The real and imaginary parts of the B+
1 maps are encoded in the R

from multiple alternative possibilities, was also initialized with the r

of the partial B+
1 synthesis is also compared against a novel

pTX RF pulse design which make use of machine learning
architectures.

2 Methods

2.1  Image-to-image  translation  with  conditional
adversarial  networks

GANs can be used to translate images from one domain into
another. While unconditional GANs used for image genera-
tion create arbitrary samples from a noise vector, z  (the latent
vector that is sampled from a normal distribution) alone [23], a
conditional GAN generates images both from z  and an additio-
nal input image. This allows more control over the generated
output, thus making it appropriate for image translation tasks
[38].
Several algorithms for image-to-image translation have
been proposed that are conditioned on an input image to gene-
rate a dependent output image. Amongst these, the “pix2pix”
algorithm [38] is an example that uses GANs. It uses a U-NET
 G channel, respectively. The third (B) channel, chosen arbitrarily
 part (pix2pixHD) or magnitude (SPADE) of the field maps.

architecture as its generator [39], proposes a GAN objective
function that is very general and ensures that only results with
an “authentic” appearance are generated. This is in contrast
to objective functions that minimize the Euclidean distance
between the images, which leads, in general, to more pro-
nounced image blurring [38]. In pix2pixHD, [35] the pix2pix
model is improved to give higher resolution results and ena-
bles a better modeling of both global and local image features
in high-resolution images. The U-NET of pix2pix is replaced
with a coarse-to-fine generator in pix2pixHD that outper-
forms the former by a wide margin as shown in [35]. With
the pix2pixHD model, it is also possible to generate realistic
images from label maps alone. These are masks that con-
tain the class labels corresponding to the type of image to be
generated. This method of semantic image synthesis was fur-
ther improved in [36] with changes to the model architecture
and the application of a novel normalization method termed
spatially-adaptive (de)normalization or SPADE, which was

subsequently used as the model’s name.

The proposed method is summarized in Figure 1A. It con-
sists of three main steps: The subsampling of the B+

1 data with
different subsampling factors is step one. For step two, the
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Figure 2. The proposed machine learning based RF pulse prediction algorithm. The Resnet18 model can be employed as a regression model
with an MSE objective function. Its input is a PNG image that contains the real part, the imaginary part, and the magnitude of all 16 B+

1

transmit channels, respectively. It predicts a latent vector ‘z’ that can be decoded by the trained VAE into weights ‘w’ and spoke locations
 int
‘kx, ky’. The SPADE-model, shown in parenthesis, may be plugged

acquired and the others are to be generated.

image translation is carried out, and two such models to attain
this are considered in the work, i.e. pix2pixHD and SPADE.
In the third step, a pTX RF pulse design algorithm can be cho-
sen that depends on a full set of B+

1 maps. In this work, MLS
based RF pulse algorithms from the literature are considered.
Additionally, the use of pre-computed pulse dictionaries and
machine learning pulse prediction models are investigated.
Figure 1B illustrates the image-to-image translation task for
B+

1 map augmentation from a subset of measured maps. The
generation of neighboring channel maps is proposed using a
measured map as input (pix2pixHD) or a measured map and
a channel mask + label (channel number) for the SPADE ver-
sion of the algorithm. Several sub-sampling factors using only
every 2nd, 4th or 8th measured B+

1 map of a 16-channel pTX
coil to generate the missing maps were investigated.

As the training of neural networks requires a large data set
(with input and corresponding output) in order to achieve good
performance existing maps from four healthy subjects were
artificially augmented. For this purpose, the measured in vivo
B+

1 maps, acquired with the DREAM sequence [40,41], and
the B0 maps acquired with the double-echo method [42], were
linearly interpolated to 5360 B+

1 maps per channel for a total
of 85,760 images for 16 transmit channels. As image-to-image
translation is based on real valued images but the B+

1 maps
are complex valued; these maps were separated into their real
and imaginary parts. The parts were used to compose a single
RGB image as shown in Figure 1C. Finally, all RGB images
were normalized to unit intensity prior to training the neural
networks.

The published code repositories of the original pix2pixHD
and SPADE authors were used for the implementation of
the image translation [43] and the models were trained from
scratch. The pix2pixHD model was trained for 24 epochs on
a paired dataset compromising 85,760 B+

1 maps stored in
images of size 256 ×  256 pixels and encoded in the porta-
ble network graphics (PNG)-format as this is the minimum
resolution supported by the model. Training was carried out

for image translation from transmit channel i to its nearest
neighbor i  + 1. The default model settings of the code repo-
sitory were not changed and the batch size was set to 8. The
SPADE model was trained for 23 epochs on the same paired
o the pulse design algorithm in the case that only one single B+
1 is

dataset with additional corresponding label maps. The num-
ber of filters in the SPADE generator was reduced from the
default 128 to 64. Its activation norm type and the global adap-
tive norm type were set to batch instead of sync batch and the
batch size was set to 4 to enable training on a single memory
limited GPU (11 GB) (RTX 2080ti GPU, Nvidia Corp., Santa
Clara, California, USA).

2.2  Spoke  pulse  design  algorithm

The effect of sub-sampled mapping data and its augmenta-
tion to a complete set of maps using GANs must be evaluated
against a spoke design that utilizes all 16 measured B+

1
maps. This was carried out and is discussed later. However,
since multiple deep learning approaches have already been
employed during the B+

1 map generation process, an extension
of the same approach to create spoke pulses and suitable trans-
mit k-space locations is straightforward and was also included
in the evaluation process of the image-to-image translation
method presented above.

A machine learning based two-spokes RF pulse prediction
algorithm, as visualized in Figure 2 is investigated. The algo-
rithm employs the “Resnet18” model [44], a convolutional
neural network, as implemented in the Torchvision library of
Pytorch [45] to predict suitable channel weights and spoke
locations.

Resnet18 is trained as a regression model with MSE loss to
learn pulse data. The vector of complex channel weights w  for
two spokes has a length of 32 complex values or a length of
64 when decomposed into real and imaginary parts. Together
with the two spoke scalar values for the second spoke, kx,
ky, the dimension of the desired weights-spokes vectors is 66.
However, here, to reduce the dimension of the vectors, the data
were compressed into a 16-dimensional latent representation,
z, that becomes the Resnet18 prediction target. The motivation
for reducing the target dimensionality is to possibly improve
the Resnet18 prediction quality and enable exploitation of a

disentangled latent space representation of the VAE [20]. The
decoding of the compressed data back into full dimensionality
was accomplished with a VAE trained to encode pulse data
into the latent representation z and to decode z back into pulses.
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method predicts latent vectors, z. A trained VAE then decodes
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Once the VAE has been trained, the compressed latent repre-
sentations can be decoded back into pTX channel weights and
spoke locations, w, kx, ky.

To create the w, kx,  ky data for training the Resnet18 model,
an evolution strategy (ES)-based optimization [11] was car-
ried out for each of the 5360 slices, and the resulting optimized
w, kx,  ky data was saved as the training data set. The model
takes PNG images that contain all 16 B+

1 transmit channel
maps as input, with the real part, the imaginary part, and the
magnitude of the B+

1 map encoded in the three color chan-
nels, compare Figure 2. The Resnet18 training targets were the
5360 latent vectors z  that are VAE encodings of the optimized
weights and spoke locations, w,  kx,  ky. These VAE encodings
z =  VAE(w,  kx,  ky) were predicted by the Resnet18 model
and decoded into (w,  kx, ky) by the same trained VAE to make
them actually useable.

The VAE was implemented as described in [46]. To create
optimized pulse data for the VAE training, pulses were calcu-
lated on the same 5, 360 slices. However, rather than saving
the single minimum RMSE pulse per slice, multiple pulse
sets that were close to the minimum RMSE solution were
saved. By employing multiple pulse algorithms as described
in [11], a larger variety of locally optimized pulse data can be
created. The training set, therefore, consists of optimal chan-
nel weights w  and optimal spoke locations (kx, ky) obtained
from each of the conventional design algorithms. As multiple
locally optimal solutions exist per slice, a total of a million
pulses were created with this method. The VAE was trained on
this training dataset until its objective function had converged
to a local minimum after 160 epochs.

For the sake of simplicity, training data were encoded
as small PNG images with RGB color channel dimensions
16 ×  16, obtained by reshaping the 64 = 8 ×8 weight vectors
into dimensions of 16 ×  16 weight vectors for the R-channel
and setting the G channel pixels equal kx and the B chan-
nel pixels equal to ky. The dimension of this training data is
a hyper-parameter which was chosen to accommodate all RF
pulse weights and spoke locations. The output of the Resnet18
model needs to match the dimensions of the VAE latent-space.

If the SPADE module depicted in parenthesis in Figure 2 is
added into the pulse generation workflow, it can generate the
missing 15 B+

1 channel maps required for any spatial domain
based pulse design approach [47] from a single measured B+

1
channel map with the help of the 15 label maps (sub-sampling
factor of 16). The label maps are all based on the same binary
mask required for the pulse design. Therefore, the creation of
the label maps is trivial once a single binary mask is available,
as visualized in Figure 1. The SPADE module is identical to
that described in the previous section.

All networks were specifically trained on data from the
selected coil array and the associated number of spoke pulses.
Although a new model would need to be trained if a different

coil array and different spoke designs were used, it would not
be problematic as the training of the GANs can be carried out
with a limited number of in vivo data and pre-trained networks
 Phys 32 (2022) 334–345

for B+
1 data augmentation could be supplied from the coil array

manufacturers. As is the case for the image translation algo-
rithms, all algorithms described in this section were trained on
the same single RTX 2080ti GPU described above. All models
were trained for the 16-channel pTX coil [48–50] mentioned
above operating in a Magnetom Siemens 9.4 T MRI system
(Siemens Healthineers, Erlangen, Germany).

2.3  Creation  of  robust  pulses

In order to create robust pulses, data comprising all interpo-
lated single-slice B+

1 maps, as described above, were utilized.
Random subsets of the slices were chosen to either optimize
2, 3, or 4 slices simultaneously using the method described
in [51] and in conjunction with an MLS ES-based RF pulse
optimization [11] until a set of 1000 robust pulses was crea-
ted. From the set of 1000 pulses, the top 10, 20, 50 and 100
best-performing pulses (based on their RMSE values on the
interpolated B+

1 slices) were taken to create four robust pulse
dictionaries. The process of robust pulse creation and sorting
into dictionaries is visualized in Figure 3.

2.4  Performance  evaluation

To evaluate the effect of the pix2pixHD and SPADE data
augmentation on the performance of the pTX pulses, different
sub-sampling factors were investigated: 1 – all 16 B+

1 maps
were measured so that no sub-sampling was employed, 2 –
eight measured B+

1 maps were augmented to the full set of
16 maps resulting in a factor of two sub-sampling, 4 – four
measured maps were used to generate the 16-channel B+

1 maps
of the coil which were equal to a sub-sampling factor of four,
8 – sub-sampling factor equal to eight, and 16 – sub-sampling
factor equal to 16. Three cases were considered:

(i) For all considered sub-sampling factors a pulse opti-
mization was performed with B+

1 synthesis of the missing
transmit channels in order to give a full set of 16 B+

1 maps,
as required by any MLS [8] based pulse optimization, such
as the spatial domain method [47]. The pulse optimization
employs MLS-based pulse designs that utilize ES to search
for optimized solutions as described in [11] to optimize both
channel weights and spoke locations simultaneously.

(ii) For a sub-sampling factor of 16 and without any pulse
optimization: A full B+

1 synthesis of all remaining transmit
channels with SPADE was performed and one robust pulse
from the full dictionary of saved pulses, as described in section
“Creation of Robust Pulses”, was chosen by evaluating all
pulses contained in the dictionary and choosing the minimum
RMSE pulse.

(iii) The proposed RF machine learning pulse design
these into RF pulses without further optimization.
The reported RMSE and SAR values for all pulses descri-

bed above were calculated using the full set of 16 B+
1 maps
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Figure 3. Creation of RPs: pulses were simultaneously optimized with MLS [8] two-spoke RF pulse designs [11] on multiple, randomly
chosen slices from the training data using the method described in [51]. They were then evaluated with Bloch simulations to create a set of

eated by evaluating all pulses based on their RMSE performance on the
 were chosen.

Table 1
Numerical RMSE values for several 2 spoke RF pulse designs on
new subject not in the training data.

RF pulse design RMSE ± std.(%) Local SAR ± std.
(W kg−1)

RF optimization: different sub-sampling B+
1 factors

Real B1 4.65 ± 1.48 2.90 ± 0.47
pix2pixHD 2 5.01 ± 1.40 2.77 ± 0.71
pix2pixHD 4 8.52 ± 2.15 2.91 ± 0.90
pix2pixHD 8 9.30 ± 2.48 2.84 ± 1.22
SPADE 2 8.59 ± 3.35 3.08 ± 1.25
SPADE 4 10.40 ± 4.16 4.41 ± 2.38
SPADE 8 10.32 ± 3.61 4.22 ± 2.62
SPADE 16 10.87 ± 3.72 4.00 ± 1.96
1000 pulses. From this set, four additional pulse dictionaries were cr
training data, and the top 10, 20, 50 and 100 best performing pulses

measured in vivo on a fifth subject, i.e. without sub-sampling.
In this way, the pulses that were calculated with sub-sampled
data are evaluated against the full dataset that represents the
ground truth. The data of the fifth subject was not used in
training any machine-learning model and was only used to
evaluate the performance of the pulse design algorithms and
B+

1 map augmentation. Evaluation of RMSE and the SAR
burden was carried out as described in [11].

All B0 and B+
1 maps were measured on the 9.4 T

MAGNETOM system mentioned above using a 16-channel
transceive coil array described in [48]. A dual refocusing
acquisition mode (DREAM) sequence [40] with transmit
channel Fourier phase encoding [41] was used to acquire B+

1
maps. The sequence parameters were as reported in [11]:
FoV = 256 mm ×  224 mm, 17 slices, slice thickness = 4 mm,
TR/TE1/TE2/TI = 6.8 ms/2.22 ms/4.44 ms/7.1 ms, flip
angle = 7◦ and matrix 64 ×  64. A slab selective double-echo
gradient-echo sequence was used to acquire the static
field maps (FoV = 200 mm ×  200 mm, 44 slices, slice
thickness = 4 mm, TR/TE1/TE2 = 30 ms/1 ms/3.21 ms, flip
angle = 8◦ and matrix 50 ×  50). In vivo data were acquired
following approval of the study by the local ethics committee
and after having obtained written informed consent.

3 Results

3.1  B1-map  generation

Figure 4 visualizes all 16 measured in vivo B+
1 maps with

a normalized magnitude of one subject and compares these
with versions generated from the SPADE and pix2pixHD
models, respectively. One of the transmit channels is shown in
greater detail in the bottom part of Figure 4, displaying both

magnitude and phase. All generated images appear qualita-
tively close to the real measured ones; however, differences in
detail can be observed. The quantitative differences between
the generated images are evaluated in Table 1.
SPADE 16 regr 13.19 ± 3.74 2.30 ± 1.06

3.2  RF  pulse  design

Figure 5 shows the RMSE results when performing a full
RF optimization for different B+

1 sub-sampling factors. The
sub-sampling factor of measured B+

1 transmit channel maps
compared to the full set of maps is given below each bar, and
it can be seen that the RMSE performance generally improves
with lower sub-sampling factors. The pix2pixHD model with
a sub-sampling factor of two performs almost as well as a full
set of measured data. The RF prediction based on the Resnet18
model is also shown based on a sub-sampling factor of 16 and
with a synthesis of the missing B+

1 maps with SPADE. The RF
prediction performs worse compared to an optimization on the
same synthesized data (SPADE with sub-sampling factor 16),
however, its execution is significantly faster. While the VAE
compression of the weights does improve the pulse prediction
of Resnet18 slightly compared to a non-compressed Resnet18
prediction without a VAE (compare Figure S5), it is expected

that improvements in model architectures, objective functions
and compression schemes will lead to further improvements.
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Figure 4. The top image shows the normalized magnitude-images of the measured, SPADE-generated and pix2pixHD-generated B+ maps
tran
de
for all 16 transmit channels of an example slice, respectively. The 

middle row, both in magnitude and phase. The difference in magnitu

Figure 6 visualizes the flip angle patterns of the results
shown in Figure 5 following Bloch simulation for a set of
representative slices. Consistent with Figure 5, the excita-
tion patterns of the pix2pixHD case with sub-sampling factors
of two are very close to the case that employs the full data-
set. With higher sub-sampling factors, the slice homogeneity
decreases in terms of RMSE. One alternative to a pulse opti-
mization is the evaluation of pulses in a dictionary, as shown
in the bottom row, based on the SPADE generated data with
a sub-sampling factor of 16. Compared to the optimization
of RF pulses in the row “SPADE 16”, the performance was
slightly improved for some slices and slightly reduced for
others. Table 1 summarizes the findings in numerical form.

Figure 7 shows the RMSE after evaluating all robust pul-
ses contained in the five dictionaries of the respective sizes,
1000, 100, 50, 20 and 10, for different B+

1 sub-sampling fac-
tors and with the minimum RMSE pulse from the dictionary
following Bloch simulations. It can be seen that using a larger
dictionary size tends to improve the resulting pulse perfor-
mance compared to the smaller pulse dictionaries, especially
for lower sub-sampling factors. With SPADE, no improve-
ment with larger dictionary sizes can be observed for the
higher sub-sampling factors of 8 and 16 as the greedy pulse

choice on synthesized data does not necessarily translate to
the best choice on the real data. As expected, the best results
were achieved by utilizing all 16 real B+

1 maps to choose the
1

smit channel indicated by the box is shown in greater detail in the
 of the predicted images is given in the bottom row.

optimal pulse. However, comparable results can be achieved
when utilizing a sub-sampling factor of two both for SPADE
and pix2pixHD.

Due to the fact that the Bloch simulation of 1000 pulses
takes more time compared to smaller dictionary sizes, there is
a tradeoff between dictionary size and longer evaluation times.
Consequently, for the “SPADE 16” case, even a dictionary size
of 20 results in a pulse performance that is comparable to the
larger dictionary sizes of 50, 100 or 1000 and might be prefer-
red for the increased speed. Evaluation of pre-computed pulses
is, in general, still faster than a subject-specific pulse optimi-
zation. Figure 7 demonstrates another use-case for which B+

1
synthesis can be beneficial for an excitation scheme based on
robust pulse dictionaries.

Figure S1 in the supplementary material shows a perfor-
mance comparison for several MLS RF two spokes pulse
design algorithms from the literature on the full set of measu-
red B+

1 maps without any sub-sampling. This represents the
best possible excitation case since only real data is employed
in the pulse design. Consistent with results presented in [11],
the ES-based approach shows the best RMSE performance
with results comparable with the grid-search and sequential
quadratic programming (SQP)-based designs [11,52]. Using

only pre-determined spoke-locations in the region-growing
approach of [50] resulted in sub-optimal solutions. Searching
for optimal latent vectors, z, of our trained VAE with an
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Figure 5. RF pulse RMSE performance after full optimization of RF pulses with different B+ sub-sampling factors. The investigated machine
iza

material).
learning RF algorithm (Figure 2) is shown on the right. Pulse optim
once all 16 B+

1 were synthesized.

ES-based optimization [53] shows comparable results to the
best ES -based optimization [11] in the common w,  kx, ky

optimization parameter space. Performing a grid-search as a
means of initialization reduces the interquartile range of the
box plots slightly.

Figure S2 shows the results of algorithms from the litera-
ture mentioned in the previous paragraph on all considered
subsampling cases. It can be observed that the ES optimiza-
tion performs best when the synthesized B+

1 maps are close
to the original data. However, this advantage vanishes for hig-
her subsampling factors, and a grid-search can be a viable
alternative as it is a fast and robust method [11]. It is worth
optimizing the (kx, ky) location for all subsampling factors
since, in most cases, a fixed, pre-determined location, as used
in [50], is sub-optimal.

Figures S3 and S4 show the results of local SAR optimi-
zed RF pulses on sub-sampled B+

1 data, as proposed in [11].
Instead of optimizing the RMSE, the local SAR becomes the
main objective with the worst possible RMSE as an inequality
constraint that must not be exceeded. By allowing a higher
RMSE trade-off percentage, and thus potentially reducing
the excitation homogeneity, the local SAR can be reduced,

as shown in Figure S4, for all subsampling factors. While
the RMSE degrades significantly with a large chosen RMSE
trade-off percentage of 50%, choosing a small percentage such
1

tions were performed with an MLS and ES based pulse design [11]

as 5% or 10% only leads to minor RMSE degradation (Figure
S3).

4 Discussion

We demonstrated an intermediate method for RF-pulse
generation in UHF-MRI as a combination of calibration free-
methods like UP or “smart pulses” and methods employing a
full set of per subject measured field maps. Using the descri-
bed approach, it was shown that a sub-sampled set of RF-field
maps can be artificially augmented to a full set using machine
learning methods. While this is only one of numerous possi-
ble implementations, in a next step, a proof of concept could
be carried out for a 16-channel transceiver coil used in 9.4 T
neuroimaging applications. As expected, the results show that
reducing the amount of calibration data to a sub-sampled
set of RF field maps incurs a performance penalty against
methods employing the full set of acquired data, Figure 5.
However, depending on the sub-sampling factor, it can regain
excitation fidelity and a SAR burden that is comparable to
calibration-free methods (see Table 1 in the supplementary
The machine learning approaches employed were all trai-
ned on a limited set of field maps acquired from four healthy
volunteers. In order to augment the limited training data, the
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Figure 6. Bloch simulated flip-angle maps after RF pulse optimization based on either real B+
1 data (first row) or partially sub-sampled B+

1

data in the remaining rows. The RMSE percentage is given for each individual case. The sub-sampling factor is given at the beginning of
each row next to the name of the generative machine learning model employed to synthesize the missing data. The second to last row shows

gre
10 
the predicted excitation pattern of the employed machine learning re
the lowest RMSE pulse from the dictionary of robust pulses of size 

measured maps were linearly interpolated on a very fine grid.
Despite only small variations in the generally smooth field
maps, this approach yielded sufficient training data for the
machine learning algorithms to converge during training –
an observation concordant with [54], where data augmenta-
tion is described as a necessity in medical imaging as it is
commonly plagued with a limited amount of training data.
It should also be noted that training in the case presented
here is specific for the RF coil employed and would need to
be repeated for other coil systems. A possible future rese-
arch direction is to investigate the robustness of the trained
generative models with respect to changes in the measure-
ment configuration such as the pTX coil array, magnetic field
strength or B+

1 mapping sequence. Whether a single model
can be employed to robustly generate the missing B+

1 maps
for a cohort of coil arrays, e.g. configurations that use the

same type of elements and the same geometrical arrangement
of those, remains to be seen and requires further investigation.
It might also be feasible to test translation in field strength, e.g.
from 7 to 9.4 T, once the above prerequisites are fulfilled. An
ssion model. The last row shows the excitation patterns after taking
based on SPADE 16 generated B+

1 data.

alternative would be to train a separate model for each mea-
surement configuration. A pre-trained configuration-specific
model could be supplied from the coil manufacturer or a once
trained configuration-specific model could be easily loaded.
An interesting extension of this work would be to apply the
strategies investigated here to the most commonly used com-
mercial pTX coils at 7 T, which would make them applicable
to many 7 T sites, systems and even across MR vendors.

Concerning the synthesis of missing B+
1 maps, as shown

in Figure 4, we chose to investigate two paired image trans-
lation methods. While unpaired image translation is more
common, the pairing gives additional control over the gene-
rated maps, which is desirable. Both methods investigated
performed well, although slightly better results were obtained
with the pix2pixHD method, which showed especially promi-
sing performance with a sub-sampling factor of two (compare

Figures 4 and 5). However, the performance benefit of the
pix2pixHD method compared to SPADE might also be a result
of the limited GPU memory, as SPADE generally requires
more memory for training purposes. Consequently, SPADE
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Figure 7. RMSE comparison of pre-computed robust pulses dictionaries. All pulses in the dictionary were evaluated, and the lowest RMSE
pulse was chosen as the final pulse. Results for different sub-sampling factors for both image translation models, SPADE and pix2pixHD,

m b
are shown. In general, larger dictionary sizes of robust pulses perfor
truth (real data with full RF optimization) is shown on the left.

might benefit from more computational resources [36]. Howe-
ver, due to the GPU memory limitation, we could not train with
the full default model size.

Again, the investigated implementation did not cover all
available paired image translation methods, used a very limi-
ted training data set, and was trained on a single GPU with
limited memory resources. Therefore, it is possible that these
factors impaired performance, and future improvements could
be made in terms of model architectures and computing hard-
ware. These could then be traded for a smaller number of
calibration scans (faster measured preparation) using higher
sub-sampling factors or to improve excitation fidelity. From
a practical point, we found the SPADE method to be slightly
simpler to implement as it is trained as a VAE [36] and allows
the generation of all images in one go with a single seed image
and the label maps that correspond to each transmit channel
as visualized in Figure 1B. In contrast to SPADE, we perfor-
med image generation with pix2pixHD, which is conditioned
on an input image alone. For this reason, missing images first
need to be generated one at a time as input for the next channel
images, slightly increasing generation time in total.
As the methods for augmenting the calibration data are
already based on machine learning methods, a straightfor-
ward implementation might condense the steps of calibration
data generation and RF spoke generation in a single approach.
etter as there are more pulses available to choose from. The ground

While we did not implement this method directly, we chose
to add additional machine learning algorithms for pulse gene-
ration on top of the data augmentation. This was also done
in order to assess the performance penalties of all steps indi-
vidually. Pulse generation was performed using a Resnet18
regression model in combination with a trained VAE to reduce
the dimensionality of the data. Again, the implementation only
shows one feasible solution from numerous possible imple-
mentations.

As shown in Figure 5, the pulses predicted with the machine
learning model were less optimal compared to the other inve-
stigated variants; however, in some cases, they showed a
comparable performance to other considered algorithms, as
seen in Figure 6. The near instant prediction time makes the
approach interesting as an alternative to other pulse designs.
Overall, the investigation of improved model architectures
and different data encoding schemes is a promising research
direction for the future.

In light of this, several alternative machine-learning RF
pulse designs are conceivable. A classification of pre-
computed pulses similar to that in [25] can be easily

implemented with our employed Resnet18 model by sim-
ply changing the training objective, and a potential clustering
of the target data could provide the class labels. Additio-
nally, pulse weight generation with generative models such
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as SPADE represents an interesting alternative as they do
not utilize an MSE objective, which could lead to blurring
of the generated data to reduce the objective loss. Several
encoding schemes with VAE to aid the training process of any
machine learning regression or classification model are also
conceivable.

Using either pre-computed RF pulses or machine-learning
predicted RF pulses without subject-dependent optimiza-
tion may still result in pulse solutions that exhibit signal
voids as these solutions could correspond to local minima
in the optimization space of pulse parameters, as shown
in Figure 6. However, it is expected that this problem can
be addressed using published pulse design algorithms, e.g.
[10,55,56,52,11], that specifically avoid signal voids. These
methods could either be run in an additional design step
starting with the pre-computed pulses from the trained algo-
rithms presented here, or, to avoid solutions with signal
voids from the beginning, might be incorporated into the
training.

Finally, the combination of the sub-sampling factor and
size of dictionaries must be observed. In general, a higher
sub-sampling factor allows a decrease in pulse dictionary
size without significant performance penalties, as shown in
Figure 7. Certainly, an in-depth investigation of this interplay
could give a better indication of the optimal topology for the
algorithms employed.

5 Conclusion

By substituting missing data with synthesized data gene-
rated by machine learning models, it is possible to save time
on the initial calibration and to either optimize RF pulses or
make improved choices when pre-calculated pulses are used.
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