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Abstract

Introduction:  This  paper  explores  the  potential  of  the  StyleGAN  model  as  an  high-resolution  image  generator  for  synthetic
medical images.  The  possibility  to  generate  sample  patient  images  of  different  modalities  can  be  helpful  for  training  deep
learning algorithms  as  e.g.  a data  augmentation  technique.
Methods: The  StyleGAN  model  was  trained  on  Computed  Tomography  (CT)  and  T2-  weighted  Magnetic  Resonance  (MR)
images from  100  patients  with  pelvic  malignancies.  The  resulting  model  was  investigated  with  regards  to  three  features:
Image Modality,  Sex,  and  Longitudinal  Slice  Position.  Further,  the  style  transfer  feature  of  the  StyleGAN  was  used  to move
images between  the  modalities.  The  root-mean-squard  error  (RMSE)  and  the  Mean  Absolute  Error  (MAE)  were  used  to
quantify errors  for  MR  and  CT,  respectively.
Results: We  demonstrate  how  these  features  can  be  transformed  by  manipulating  the  latent  style  vectors,  and  attempt  to
quantify how  the  errors  change  as  we  move  through  the  latent  style  space.  The  best  results  were  achieved  by  using  the
style transfer  feature  of  the  StyleGAN  (58.7  HU  MAE  for  MR  to  CT  and  0.339  RMSE  for  CT  to MR).  Slices  below  and
above an  initial  central  slice  can  be  predicted  with  an  error  below  75  HU  MAE  and  0.3  RMSE  within  4  cm  for  CT  and  MR,
respectively.
Discussion: The  StyleGAN  is  a promising  model  to  use  for  generating  synthetic  medical  images  for  MR  and  CT  modalities
as well  as  for  3D  volumes.
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Introduction

Medical imaging has been highlighted as one of the areas
where deep learning has the largest implications, and great-
est potential [1–3]. For instance, decision support systems for
radiological evaluations of images have been described in sev-
eral recent reviews and publications as an area where deep

are important for radiological and radiotherapy applications
[5,6], image improvement and super-resolution [7], creation of
attenuation maps for attenuation correction of PET/MR data
or for novel individualised radiotherapy treatment planning
concepts [8–10], etc.

These applications all require, and will continue to need,
large sets of training data that span the population variabil-
ity well in order to avoid overfitting and to produce reliable
learning can lead to significant benefits for the patients [4].
There are many other potential applications, such as segmen-
tation and delineation of organs or even tumour regions, which
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results. This is problematic for medical applications since
medical data is usually scarce, and it is challenging to share
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where individual features are controlled should therefore be
possible in the W space. The W space is then normalised
(adaptive instance normalisation, AdaIN) [21], and fed to
306 L. Fetty et al. / Z Me

medical data with third parties or even between different hos-
pitals because of patient integrity concerns [1].

Since generative adversarial networks (GANs) were intro-
duced in 2014 [11], they have been used for image
augmentation in numerous medical applications [12,13].
GANs are also used in many other applications [14], such as in
image registration, image segmentation, and image-to-image
translation tasks, just to name a few.

One of the main reasons behind the development of the
GAN was the possibility to synthesise artificial data from com-
pletely unlabelled training data. This application has also been
investigated by several research groups [15,16]. However, the
methods that have been available for generating synthetic
images have not scaled to high-resolution images. Because of
this, the publications that describe the use of synthetic images
have mostly dealt with the low-resolution case, and have thus
been severely limited.

Recently, Karras et  al.  [17] proposed a novel GAN model
that includes a progressive increase of the output image res-
olution during training, and the end result is the successful
synthesis of realistic high-resolution images. They then fur-
ther improved the model and also made it possible to include
stochasticity and style transfer in the generation process; the
improved progressive GAN was called StyleGAN  [18]. The
output images are now of sufficiently high resolution and
quality that the generated images could potentially be used
to augment a medical image dataset. The ability to train on
synthetic images would thus alleviate the small dataset prob-
lem, allowing deep learning models to be trained on large
amounts of synthetic data.

Since the latent space becomes a high-level representation
of the images, certain known attributes of the images and the
corresponding latent vectors can be used to learn a function or
direction that describes the attributes [19,20]. In order to use
the generated images for training e.g.  deep learning models,
it is imperative to understand the latent space, what it can
encode, and how it is organised.

In the present study, the StyleGAN model’s latent style
space was investigated, providing a deeper understanding of
the internal structure of the network. Further, the possibili-
ties to manipulate the latent space was reexamined in order
to generate customised high-dimensional medical images.
The StyleGAN model was investigated after being trained
on images of two different modalities: T2- weighted mag-
netic resonance (MR) images and computed tomography
(CT) images, captured in the pelvic regions of both male
and female patients with various cancer diagnoses. Three
image attributes (Image Modality, Sex, and Longitudinal
Slice Position) were selected and methods were developed
to manipulate them such that images with custom represen-
tation of these attributes could be generated in a controlled

manner.
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Material and Methods

Data

The data used in this study were collected from 117
patients undergoing treatment at Umeå University Hospital.
The patients were mainly diagnosed with either prostate, rec-
tal, or gynaecological cancer, and were imaged using both
MR and CT as part of the routine clinical workflow. The
MR images were acquired with a GE 3T SIGNA PET/MR,
and the CT images with a Philips Brilliance Big Bore. See
the supplementary material for acquisition details. The data
collection was performed according to an existing ethical
permit (number 2018-234-31 M), and informed consent was
obtained from each patient. Patients with metal hip implants
were excluded, leaving 15 female (mean age 68 years) and
85 male patients (mean age 70 years). The MR images were
T2-weighted and were bias corrected using N4ITK; the CT
images were rigidly registered to the MR images using Elastix
with standard settings and were further resampled to the
same matrix dimension of 512 ×  512 pixels. The preprocess-
ing was performed using MICE Toolkit (NONPI Medical
AB, Umeå, Sweden; www.micetoolkit.com). The MR images
were normalised by scaling the range [0,  2500] to [−1,  1],
and the CT images by scaling [−1024,  1500] to [−1,  1],
without truncation. In total 17,542 images were used for train-
ing which included on average 88 images per patient and
modality.

Network  architecture

The StyleGAN architecture differs from the original GAN
model in several ways. As presented in Karras et  al., the
StyleGAN model differs in three major ways:

• The main network is a progressively growing GAN where
the generator network first learns to generate low-resolution
images, and then progressively generates larger and larger
images as the training progresses. This makes the network
converge even for high-dimensional outputs.

• The input to the network is a d-dimensional independent
Gaussian random vector with zero mean and variance one.
This input space, denoted Z, is mapped to an intermedi-
ate latent space, denoted W, by a dense neural network.
This step transforms the input space to a style  space, that
is assumed to be more disentangled, having different image
features encoded along different (approximately) orthog-
onal dimensions in the style space. Smooth interpolations
the different layers of the generator network.

http://www.micetoolkit.com/
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• Finally, the StyleGAN model also accepts noise injections
at each resolution in order to introduce stochastic details in
the images.

Training

The StyleGAN model1 was implemented in PyTorch v1.0
[22] in such a way that it takes a random latent vector and
outputs a 2D image. The Adam optimiser [23] was used with
momentum parameters β1 = 0 and β2 = 0.99. The weights were
exponentially averaged with a decay rate of 0.999 as in [17].
The initial learning rate was set to 0.001 for both the gen-
erator and the discriminator, and to 0.0001 for the mapping
network that transforms the latent vectors from the Z to the W
space. Mixing regularisation was also included, which injects
a second latent vector at a random resolution during train-
ing. As in the original StyleGAN paper, two loss functions
were included, namely the Wasserstein loss with a gradient
penalty (WGAN-GP) [24] and a non-saturating loss [11] with
R1 regularisation [25]. The mini-batch size was progressively
decreased from 256 to 8 images per batch, and was decreased
when the resolution was increased.

The StyleGAN model was trained on two NVIDIA RTX
2080 Ti GPUs for up to a total of 2,400,000 gradient updates.

Image quality

The Fréchet inception distance (FID) was used to evaluate
the quality of the generated images. The FID was computed
using all the training images and using 10,000 random images
generated with a fixed truncation level of 0.7 [26].

The FID was computed at every 100,000 updates from
700,000 to 2,400,000 and used to select the final model.

Latent  space  manipulation

The manipulation of the modality (MR to CT and the
reverse), the sex of the patient, and how to change the lon-
gitudinal slice position of the patient (the slice index in the
image volume) was investigated.

In order to find latent directions that encode the features,
an image encoder-decoder was con- structed to generate style
vectors w  from images and vice versa. It was built using the
StyleGAN generator as a (fixed) decoder. The encoder had
the same structure as the StyleGAN generator, but in reverse,
and with instance normalisation [27] instead of AdaIN. The
convolutional part of the encoder had an output resolution of
4 ×  4 ×  512, and this hidden representation was fed to a four-

layer dense neural network with LeakyReLU activations with
a negative slope of 0.2, resulting in a final 512-dimensional
output in the W space of the StyleGAN.

1 https://github.com/rosinality/style-based-gan-pytorch; This repository
includes an implementation of the Style- GAN model which was used and
adapted for our experiments.
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The encoder network was trained using the RAdam opti-
miser [28] with β1 = 0 and β2 = 0.99, as for the StyleGAN
training. The weights were exponentially averaged with a
decay rate of 0.999 [17]. The loss function was the sum of
the Euclidean distance between the input random W space
vectors and the reconstructed latent style vectors output from
the encoder and an �1 loss between the input image and a Style-
GAN regenerated image. The encoder network was trained on
224,000 randomly generated images and corresponding style
vectors with a mini-batch size of 8. The random images were
generated using a truncation level of 0.7.

The encoder was then used in a refinement process to embed
the training images into the W space. The generated style vec-
tor was applied as an initial guess and was further refined by
minimising the loss between input image and the regener-
ated StyleGAN image. Since the initial latent vector output of
the encoder can be unstable, the refinement was introduced to
reduce differences between the target image and the generated
image. The loss function for the refinement was a combination
of feature and �2 loss,

Lrefine (w) = Lfeatures (G (w) , x) + ‖G (w) −  x‖2 (1)

where x  is the input image and G(w) is the image that the
StyleGAN regenerated from the style vector w. The feature
loss is defined as:

Lfeatures (w) =
∑

r ∈ R

‖Dr (G (w)) −  Dr (x)‖2 (2)

where Dr is the output of the first convolution layer of the
discriminator at resolutions r  ∈  R = {64,  128,  256,  512}.
RAdam was used with β1 = 0.9, β2 = 0.999, with an initial
learning rate of 0.001. The number of iterations was limited
to 350 to constrain the refined latent vectors to lie near the
initial guesses.

The refined style vectors from the training images were
finally used to model the latent space for feature manipulation.
The overall workflow can be seen in Figure 1.

Latent space  models,  and  model  selection

The manipulations were performed by creating prediction
models for the features of interest, for which the ground truth
was known from the training data. For this, logistic regression
was used as a baseline model, and hyper-parameter searches
were performed in order to attempt to find suitable deep dense
neural networks for predicting the features better than the
baseline logistic regression models.

In order to manipulate the latent style vectors, the represen-
tation of each style vector in the last hidden layer of the found

prediction model had to be transferred back to the latent style
space of the StyleGAN. Therefore, another hyper-parameter
search over dense neural networks was performed to predict
the corresponding latent style vectors from a vector in the

https://github.com/rosinality/style-based-gan-pytorch;
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Figure 1. An illustration of the network architectures of the models used in this study. A) An illustration of the architecture of the StyleGAN
model, and B) an illustration of the encoder structure used to transform an image to the latent style space. C) An illustration of the training
procedure of the encoder and the refinement procedure. The four different images in the training process shown in C) symbolises the batch

the 

tor in the last hidden layer of the prediction model (note that
the deep dense networks also perform logistic regression in
the last hidden layer). The coefficient vector wLR describes
size. The switch in the testing process in C) defines the injection of 

last hidden layer of the prediction model (denoted the reverse
model).

Details on these hyper-parameter searches can be found in
the supplementary material.

To determine a direction in the latent space encoding the
longitudinal direction, regression networks were trained to
predict the normalised slice index (the most inferior slice was
set to zero, the most superior slice was set to one, and the
other slices were linearly assigned a value between zero and
one), but this approach had problems converging, and gener-
ally did not perform well. Therefore, slices with a normalised
index below 0.4 were instead assigned to class zero (infe-
rior), and slices with normalised index above 0.6 to class one
(superior), and classification networks were trained. Hence,
the procedure here was the same as that for modality and
sex.

In case the validation R2 (coefficient of determination)
for the reverse model times the validation accuracy of the
prediction model was lower than the logistic regression base-
line validation accuracy, the logistic regression models were

selected instead of the dense networks.
initial guess of the Encoder which is only used in the first iteration.

Interpolating  the  latent  space

The found prediction models were used to manipulate a
latent style vector by the transformation

w̃ = Reverse ((w̄∗ +  τ(Forward(w) − w̄∗)) +  αwLR) (3)

where Forward transforms the style vector to the last hidden
layer of the prediction model, and Reverse transforms a vec-
tor in the last hidden layer of the prediction model back to the
style space, W. The w  is a latent style vector, τ  ∈  (0,  1) the
truncation level, w̄∗ = Forward(w̄) is the mean latent vector
(the mean of 1,000 randomly generated latent vectors) trans-
formed to the last hidden layer of the prediction model, α ∈  R
is a weight coefficient for the attribute manipulation, and wLR
the parameter vector in the last hidden layer of the prediction
model, i.e.  in all cases a logistic regression coefficient vec-
the direction encoding a particular feature, and hence the
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direction in which the style vector should be moved in order
to change the corresponding feature.

The style space manipulation was investigated with regards
to the modality and the longitudinal slice position, since the
ground truths were available in those cases from the patient
data set.

Modality  For the modality, 1,000 slices were randomly
selected from the initial patient training set and transformed
using Equation 3 by moving the corresponding style vector
in the direction of the other modality by scaling the decision
plane normal by a factor in the range [1,100] in 31 steps on a
log scale. Images generated at each of the 31 points were com-
pared to the ground truth image of the other modality. For the
generated CT images the mean absolute errors (MAEs) were
computed between the true images and the generated images,
and for the generated MR images the root mean squared errors
(RMSEs) were computed.

Longitudinal  Slice  Position  For the longitudinal slice posi-
tion, all slices from all 100 patients were used. One of the most
central 51 slices was selected to be the main slice, and another
of the central 51 slices was selected as the sought slice. The
main slice was transformed by moving the corresponding style
vector in the inferior-superior direction, as identified by the
prediction model, by a factor in the range [−0.8,  0.8] and the
sought slice was compared to the decoded image correspond-
ing to the transformed main slice by the MAE for generated
CT images, and the RMSE for generated MR images.

Style transfer

The StyleGAN also allows the generator output to be
manipulated by using the style transfer capability of the net-
work, where two latent vectors are included into the generation
process (corresponding to source and target images). Style
vectors can be injected into the AdaIN to give the network the
ability to fuse different representations of the image, such as
e.g. an MR and a CT image.

The degree of mixing is changed as a function of the injec-
tion location, i.e.  into which resolution layer the second style
vector is injected. If the vector is injected into low-resolution
layers (e.g.  4–64 pixels), this results in strong mixing of the
image characteristics. If the vector is instead injected into
high-resolution layers (e.g.  64–512 pixels), it is mainly colour
adaptation of the images that is achieved. This is also seen in
the original StyleGAN paper [18].

Style transfer was performed by injecting 1,000 random
style vectors from the training data into all seven layers (reso-
lutions of 4–512 pixels), comparing to the paired image from
the other modality. The generated CT images were compared
using MAE, and the generated MR images using RMSE. Qual-
itative tests were also performed by visually evaluating the
network’s style transfer ability.
Analysis  of  the  decision  surface

In order to improve the understanding of the decision sur-
faces, and thus the disentanglement of the W space, the
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average curvatures of the prediction model’s decision surfaces
were computed as a means to understand the feature separation
in the latent style space. This was done by randomly select-
ing points on the decision surface, randomly selecting tangent
directions, computing the curvature of the graph induced by
the intersection of the tangent-normal plane and the decision
surface. For each point, the mean curvature at the point was
estimated as the mean of 512 random tangent directions, and
the mean and standard deviation were computed from 1,000
random points on the decision surface. See the supplementary
materials for details on this procedure.

Results

The network training took over one month using all the
17,542 images. The image quality increased progressively
during training, when using the WGAN-GP loss function. Ini-
tial tests also included the R1 loss function, but led to poor
image quality and a failure to converge to meaningful out-
puts. After 1.2 M updates, the network performance was still
increasing, and so the training was continued for another 1.2 M
updates.

Image  quality

The FID score decreased over the course of training. After
about 1 M updates the FID score was about 20, and it decreased
to just above 12 at 2.2 M updates. A plateau was then observed
with FID scores around 12–13 until all 2.4 M updates had been
made.

The model at 2.2 M updates had the lowest FID score (with
a score of about 12.3). The 2.2 M model was therefore the
model that was used throughout this work.

Figure 2 illustrates sixteen random example images gener-
ated using the 2.2 M network. See the supplementary material
for more random example images.

Model  selection

Modality

For separating style vectors into those encoding MR and
those encoding CT images, the best model ended up being a
network with no hidden layers, i.e.  a logistic regression model.
The validation set accuracy was about 1.0.

Since the best model was already a logistic regression
model, no reverse models were evaluated for the modality.

Longitudinal slice  position
To determine a direction in the latent space that encodes the
longitudinal direction, the best model had one hidden layer,
with 128 neurons in the hidden layer. The dropout rate was
about 0.095, and the initial learning rate was about 0.0044.
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Figure 2. Sixteen random samples from the StyleGAN model traine

The network was trained for 150 epochs with a mini-batch
size of 32. The validation set accuracy was about 1.00.

The best reverse model was a network with three hidden
layers, with 300, 152, and 370 neurons in the hidden lay-
ers, respectively. The dropout rate was 0.0 (i.e., no dropout
was used), and the initial learning rate was about 6.0·  10−5.
The network was trained for 82 epochs using mini-batches of
twelve hidden layer vectors. The validation set R2 was about
0.98. The baseline logistic regression model had a validation
set accuracy of about 0.99. Hence, since 0.99 ≥  1.00 ·  0.98, the
baseline logistic regression model was used for manipulating
the patient longi- tudinal direction feature.

Sex

For the model to classify the patient’s sex, the best model
was a network with two hidden layers, with 128 neurons in
the first hidden layer and 54 neurons in the second hidden
layer. The dropout rate was zero, i.e.  no dropout, and the ini-
tial learning rate was 0.0013. The network would be trained
for 150 epochs using mini-batches of 45 style vectors. The
validation set accuracy was about 1.00.

The best reverse model was a network with four hidden
layers, with 512, 500, 341, and 263 neurons in the first through
fourth hidden layers, respectively. The dropout rate was 0.0,
i.e. no dropout was used, and the initial learning rate was about
0.00026. The network was trained for 89 epochs using mini-
batches of eleven hidden layer vectors. The validation set R2

was about 0.98. The baseline logistic regression model had a
validation set accuracy of about 0.98. Since 0.98 ≥  1.00 · 0.98,
the baseline logistic regression model was thus selected for
manipulating the patient sex feature.

Latent  space  manipulation

Manipulating  the  modality

The least mean MAE over 1,000 random patient slices was
about 73.6 HU when transforming from MR to CT. The least

RMSE over the same 1,000 random slices was about 0.35
when transforming from CT to MR (computed on images still
in the range [−1,  1]). Figure 3 illustrates the errors over the
1,000 random slices when transforming CT to MR images
n 100 patient volume images of paired MR and CT images.

(left) and correspondingly MR images to CT images (right)
by moving from random points from one modality into the
domain of the other modality. The error bars correspond to
approximate 95% confidence intervals of the means. The least
errors thus best correspond to the associated ground truth
images.

Manipulating  the  longitudinal  slice  position

Figure 4 illustrates the manipulation of the longitudinal
slice position when moving along the decision surface nor-
mal “searching” for a slice at different offsets from the main
slice. The top row contains the results for MR images and the
bottom row the results for the CT images. The left part illus-
trates the average errors (averaged over the 100 patients) when
interpolating between pairwise slices. The right part illustrates
the average errors when interpolating between the centre slice
and slices offset from the centre slice, together with the errors
at translations using factors in the range [−0.8,  0.8].The aver-
age distance between slices in the W space was about 0.031
for the MR images and about 0.029 for the CT images (aver-
aged over all patients), in normalised units along the decision
surface normal. I.e., to obtain the next inferior slice given a
particular slice, we move in the negative direction of the nor-
mal a distance of about 0.031 or 0.029, and to obtain the next
superior slice given the same slice, we move in the direction
of the normal a distance of about 0.031 or 0.029. This worked
well starting from any slice, but the errors clearly increase
with the distance between the slice positions.

Style  transfer

The mean errors over the 1,000 random slices were 68.6,
58.6, 58.7, 58.9, 60.4, 459.1, 461.4, and 460.6, for MR to
CT transformation when injecting in the zeroth through sev-
enth locations (4 ×  4 through 512 ×  512), respectively. For
the CT to MR transformation, the corresponding RMSE val-
ues were 0.344, 0.340, 0.340, 0.340, 0.339, 0.380, 0.377, and
0.377. Figure 5 illustrates an image transfer when the target

information is injected in different locations of the network.
Injections in the first layer (4 ×  4) resulted in general feature
mixing like modality and longitudinal slice position. Inject-
ing the images in the middle layers (8 ×  8 through 64 ×  64)
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Figure 3. An illustration of moving from the CT domain to the MR domain (left) and vice versa (right). The points are the RMSE and MAE,
respectively, over 1,000 random slices, and the error bars are approximate 95% confidence intervals of the means. The images in the lower
part of the figure are from a random patient (one random in the left part and another random in the right part), decoded at their corresponding

nce
e, w
positions on the first axis of the plots. Note the direction of the dista
the images in the lower parts. The numbering counts from one to fiv
with the distance to the decision boundary.

changed the modality information of the source to the target
one. No changes were observed when the target vector was
injected in later layers (128 ×  128 through 512 ×  512).

Analysis  of  the  decision  surface

See the supplementary material for illustrations of the deci-
sion surfaces of the different models. The curvatures across the
surface for the sex had a mean of about -0.0013 with a standard
deviation of about 0.0053, the curvatures for the longitudinal
slice position had a mean of about -0.00039 with a stan-
dard deviation of about 0.00077. Hence, the curvatures were
mostly zero, and did not significantly deviate from zero. How-
ever, the distribution of average curvatures appeared not to be
normally distributed (p  <  4 · 10−80 for sex and p < 1 ·  10−28

for longitudinal slice position, using the D’Agostino and
Pearson normality test), which would be the expected out-
come had the average curvatures come from the same
distribution.

Discussion

The StyleGAN model was trained on multimodal images
containing CT and MR images of the pelvic region from male
and female patients, with different pathologies. The FID score
was about 12.3 which is similar to that for synthetically gen-
erated faces that Karras et  al.  achieved (they got 4.4). The data
in this study differ from Karras et al.  as the network had to
learn two separate image distributions (i.e.  MR and CT) that
are very different in intensity and texture, and images at the
boundary between the two modalities did not resemble images

from either modality; these are likely two of the main factors
contributing to a higher FID score. Further, comparing this
metric for images of two different domains is challenging and
has to be considered with caution. Nevertheless, the network
 axis in the left plot. The numbers in the image indicate the loss of
here one is closest to the decision boundary and increases together

generates images that are of a high visual quality, and of a high
resolution (512 × 512 pixels). Given the high visual quality of
the images, it is likely that they can be used for training deep
learning models, e.g.  either for pre-training or as a form of
data augmentation.

Affine transformations of latent style vectors appear to work
well, and during this project we never found any “pockets” in
the latent space where the model failed to generate realistic
images. The StyleGAN model allows manipulation of indi-
vidual features in the latent style space, W, and in particular it
appears that the modality transfer, moving from MR to CT or
the other way around, works satisfactory in practice. In fact,
the reported MAE for transferring from the MR to the CT
domain (73.6 HU) is not far from that reported in the litera-
ture on synthetic CT (sCT) generation, where the errors from
using deep convolutional neural networks usually are in the
range 40–50 HU [29–35].

The StyleGAN model further learned meaningful latent
style space representations of the longitu- dinal direction of
the patients. The errors grew with the distance from the initial
slice, but were less than 75 HU MAE and 0.3 RMSE within
4 cm for CT and MR, respectively, for the range of factors
that were tested. These are fairly small errors, as seen when
comparing to the modality transfer, for instance.

The study was inconclusive about whether some principal
directions have a strong curvature on the decision boundary,
or if what we obtained is a result from biases in the reverse
models. We can conclude that the hyper-surfaces of the dense
neural networks appear to be mostly without curvature, which
would explain why the logistic regression models performed
almost as well as the dense neural networks. Our results do

point towards the conclusion that the latent style space of
the StyleGAN model is mostly disentangled, in the feature
dimensions we have investigated, even if we cannot rule out
entanglements.
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Figure 4. An illustration of moving from inferior to superior slices in the patient volume images. The top row corresponds to generated MR
images, and the bottom row corresponds to generated CT images. The left plots illustrate the errors (the RMSE and MAEs over the 100
patient volumes, respectively) as we move from one slice (indices relative to the centre slice) to another slice (also with indices relative to
the centre slice). The diagonal “valleys” imply that moving to nearby slices results in smaller errors compared to moving to distant slices.
The right side of the plot (the line plots) illustrates the centre row from the corresponding left side of the plot (in the 2D plots). Each line
illustrates the errors obtained as we move along the normal vector by a distance on the first axis. For each line, the errors are minimal when
the sought slice is reached. Hence, the curve induced by the minima (highlighted with the black dotted line) of all the lines corresponds to

y sl
ugh
the errors achieved as we move from the centre slice to farther awa
2D plots. We note that the errors increase with the distance of the so

Using the StyleGAN for style transfer appears to be another
viable option for manipulating features. However, strong style
transfers such as those demonstrated in the original paper were
not observed during this study. This can be explained by the
data arrangement of the original StyleGAN model where the
output was three colour channels instead of one channel used
in our work. Consid- ering this architecture difference inject-
ing latent vectors in the last layer cannot change the colour
representation. The modality transfer had the smallest errors,
and gave the qualitatively best results when the target latent
vector was injected into the 8 × 8 through 64 ×  64 resolution
layers. The least MAE when generating CT images (58.6 HU)

is close to that reported in the literature for sCT generation, and
lower than the corresponding value from latent space manip-
ulation. On the other hand, these generated images are likely
ices. The highlighted minima corresponds to the central row of the
t slice relative to the central slice.

biased towards the paired image since those were used in this
evaluation. Style mixing, where features of both style vectors
(MR and CT) are strongly mixed, was only observed in the
first resolution layer where both modality and longitudinal
slice position changed simultaneously.

Conclusion

The feature manipulation and style transfer capabilities of
the StyleGAN makes it an attractive model to study the latent
style space. The model that was presented in this study could

be used to generate realistic slices, and possibly even volumes,
of MR or CT images from synthetic patients of both sexes
for training other deep learning models. The feasibility and
benefits/drawbacks of using synthetic images such as those
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Figure 5. An illustration of style transfer with the StyleGAN, where features from MR (or respectively CT) were translated to CT (or MR,
correspondingly), where the injection of the target style vector was in different locations of the StyleGAN (layers 4 ×  4, 8 ×  8–64 ×  64, and
128 ×  128–512 ×  512) which are encoded in the columns. The green and orange boxes include two different examples where the green box

clu
includes the example of translating MR to CT and the orange box in

generated in this work for this purpose will be investigated in
our future work.

Future work could also include automatic identification of
feature directions, and means to further disentangle the latent
style space for instance by regularising it. Such work and
improvements could lead to better means to manipulate the
images, and to generated images with entirely custom features.
Further, the StyleGAN could be used to similarly investigate
other body regions, such as the head for instance.
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Appendix A Zusätzliche Daten

Zusätzliche Daten verbunden mit diesem
Artikel finden sich in der Online-Version unter:
https://doi.org/10.1016/j.zemedi.2020.05.001.
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