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Abstract: Objective: With the strengths of deep learning, computer-aided diagnosis (CAD) is a hot
topic for researchers in medical image analysis. One of the main requirements for training a deep
learning model is providing enough data for the network. However, in medical images, due to the
difficulties of data collection and data privacy, finding an appropriate dataset (balanced, enough
samples, etc.) is quite a challenge. Although image synthesis could be beneficial to overcome this
issue, synthesizing 3D images is a hard task. The main objective of this paper is to generate 3D
T1 weighted MRI corresponding to FDG-PET. In this study, we propose a separable convolution-
based Elicit generative adversarial network (E-GAN). The proposed architecture can reconstruct
3D T1 weighted MRI from 2D high-level features and geometrical information retrieved from a
Sobel filter. Experimental results on the ADNI datasets for healthy subjects show that the proposed
model improves the quality of images compared with the state of the art. In addition, the evaluation
of E-GAN and the state of art methods gives a better result on the structural information (13.73%
improvement for PSNR and 22.95% for SSIM compared to Pix2Pix GAN) and textural information
(6.9% improvements for homogeneity error in Haralick features compared to Pix2Pix GAN).

Keywords: deep learning; generative adversarial network; medical image synthesis

1. Introduction

In some medical image applications like segmentation, classification, and detection,
the lack of database and unbalanced data (biased on age, normal subject, or abnormal
subject) can affect the accuracy of deep learning models. Some studies tried to overcome this
issue with traditional data augmentation methods. The most common data augmentation
method includes simple transformations of the dataset such as rotation, crop, scale, etc.
Although these methods improve the training process in a deep network, the informative
information which is provided for the network is not significant [1]. High-quality synthetic
data augmentation with generative models can enrich the dataset in terms of variability.

There are two different tasks in medical image synthesis: image generation and image-
to-image translation or cross-modality generation. In a cross-modality generation, we
transfer a source domain into a target domain. In image generation, the model generates a
specific target domain from noise. In this study, we focus on image-to-image translation.

Most neuroimages are 3D images such as computed tomography (CT), magnetic reso-
nance imaging (MRI), and positron emission tomography (PET). Therefore for processing
these images, 3D operations are necessary to capture spatial information in all the dimen-
sions. Processing 3D images is a hard task for both image generation and image-to-image
translation. The complexity and computational cost of 3D synthesis is high compared
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to 2D. Patching images can decrease the computation but missing the global structural
information after patching is a drawback for this strategy.

Another challenge in medical image synthesis is to evaluate the quality of generated
images. There are two typical evaluation methods: task-dependent evaluation and intrinsic
evaluation. In the task-dependent evaluation, the evaluation of the images is done based
on the accuracy enhancement in another task (segmentation, classification and. . . ) rather
than the quality of each individual image [2]. The intrinsic evaluation compares the
simulated data with the ground truth in a supervised simulation. The task-dependent
evaluation assessment cannot provide information on the texture properties or structure
of the simulated images. Normally the intrinsic evaluation is obtained by matrices that
focus on the voxel values and the quantity of noise in the generated images. In medical
images, the texture, the structure, and distribution of voxel values are essential information
for image processing. Therefore, evaluating the simulation method in terms of texture and
structural analysis is relevant.

In this study, we present a cross-modality generation method to generate T1-weighted
MRI from Fluorine-18-Flourodeoxygloccose Positron Emission Tomography (FDG-PET).
This dual information (PET + MRI) is not always available, especially in the same temporal
window (If the two examinations are not done at the same time, the two parameters
change over time with a loss of information). Having the dual modalities (PET + MRI) for
the inclusion of healthy subjects in scientific studies is beneficial. Besides these aspects,
the map of grey matter density will allow correcting the partial volume effect on PET
images and thus improve the quality of PET images. Sometimes in diagnosing, some brain
diseases having dual modalities is useful to improve the accuracy of the diagnosis [3]. The
structural and functional information of brain tissues in MRI can be mapped from PET
images, but it is hard to map the structure information such as the skull [3]. Despite this,
the objective is not to entirely replace MRI with PET since MRI is multimodal imaging
not limited to the measure of grey matter density. In this study, we focused on mapping
the information of brain tissues, especially the grey-matter density for healthy subjects to
simplify the mapping.

We propose a cross-modality generation method, called Elicit generative adversarial
network (E-GAN). To reduce the complexity and number of parameters in a 3D network,
we proposed a separable convolution network to elicit the relevant features of FDG-PET.
Then 2D high-level features were concatenated with the 3D positional information which
is retrieved from a Sobel filter to reconstruct the 3D weighted MRI image by a decoder.
The main contributions of this paper are as follows: (I) We split learning 3D features
with separable convolution in a generative model instead of full convolutions. (II) We
propose a fusion strategy similar to the self-attention mechanism in order to put in order the
extracted features. (III) E-GAN includes a Sobel filter for transmission of the geometrical
information instead of using 3D convolutions. (VI) We improved the stability of learning
with a weighted version of a hybrid loss function.

The rest of the paper is organized as follows. In Section 2 we describe the related work.
In Section 3, we introduce the theory related to E-GAN. Then, we describe the framework of
our proposed model in Section 4. Next, we present the experimental settings, experimental
results, and discussion in Section 5. Finally, we conclude the paper in Section 6.

2. Related Work

Early works for translating medical images focused on statistical approaches based
on voxel-based estimation and mappings [4]. In one of the earliest machine learning
approaches a random forest has been proposed for synthesizing standard-dose brain [18F]
FDG-PET images from the low-dose brain [18F] FDG-PET and T1 weighted MRI [5]. Since
there is much uncertainty and variability in some neuroimaging modalities like FDG-PET,
most of the time, these approaches are not efficient.

In the meantime, by developing the strengths of deep learning and generative models
many studies focused on deep learning methods for image-to-image translation in 2D.
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One of the primary works on the application of deep learning was a 2D variational auto-
encoder [6]. Taking an MRI modality (e.g., T1, T2, VFlair, or DWI) as an input, a deep
Encoder-Decoder Image Synthesizer (DEDIS) simulates as an output an MRI of another
modality with the same size as the input.

After Goodfellow et al. proposed the generative adversarial network (GAN) [7], many
researchers started to synthesize medical images with GAN. This model is composed of
two networks which are a generator and a discriminator interacting through an adversarial
process. In [8], Chartsias et al. suggested one of the first GAN-based model for an unpaired
medical image-to-image translation. This approach uses an adversarial training to learn
to transform CT images to MRI. Both modalities are aligned to prevent the network from
learning the structural differences instead of the intensity statistics.

In another study, Salman et al. designed a method to synthesize a multicontrast
MRI from a 2D conditional GAN [9]. To improve the accuracy, they suggested taking into
account additional information from correlated structures across neighboring cross-sections.
This method improved the quality of the generated images, particularly when the source
images contain a significant amount of noise.

A 2D GAN was proposed in [10] called multistream GAN (MustGAN). This archi-
tecture holds information from various source contrasts by adaptively joining one-to-one
to many-to-one streams. In this model, there are K one-to-one stream networks and a
many-to-one stream network. Each one-to-one network has a unique feature map that is
shared with the many-to-one stream network to synthesize the target contrast image.

In most of the studies, medical image synthesis or image-to-image translation has
been done by synthesizing slices and therefore neglecting the spatial information in 3D.
The mildest strategy to generate 3D images is considering each axial slice independently
from sagittal and coronal. With such a model, 2D slices are synthesized and then stacked to
obtain a 3D image.

In [11], Zhou et al. proposed a hybrid fusion network to synthesize MRI from different
modalities. They performed a modality-specific network to capture high-level features
from different modalities. Then, they computed adaptive weights to include these features
into the synthesis network. The suggested architecture uses 2D axial-plane slices of the
volumes and generates 2D slices of MRI images.

In [12], an MRI synthesis was achieved with a dual discriminator adversarial learning
which includes a difficulty-aware attention mechanism. This mechanism aims to improve
the generation of hard-to-synthesis voxels in the hippocampus regions. The generated
images are then used to achieve a better accuracy in a hippocampal sub-fields segmentation.
The 3D images are obtained from stacking 2D images in the third axis and fed to a 3D
convolution network for segmentation. The stacking approach reduces the synthesis
quality of the volume, misses the information in one axis and causes discontinuities in the
third axis.

To reduce the problem of discontinuities, a 3D conditional GAN is proposed in [13,14].
In [14] the authors focused on improving the accuracy of a tumour segmentation by
synthesizing FLAIR images from T1 weighted MRI. They proposed a 3D conditional
Generative Adversarial Network (cGAN) with a U-net architecture and a local adaptive
fusion method. In the local adaptive fusion method, they linearly combined the estimated
images with the real images. The combination weights are estimated from the output of
the 3D cGAN. The local adaptive fusion method can be implemented as a neural network
to estimate the weights during the training. Wang et al. proposed a 3D auto-context-based
locality adaptive multimodality generative adversarial networks model (LA-GAN) [13].
The locality adaptive network in this study is an end-to-end trained deep network and the
fusion weights are automatically and simultaneously learned with the generative model.
The objective of [13] is to synthesize high-quality PET images from the low-dose images
in order to reduce the radiation exposure. The locality adaptive fusion network is fed
with different modalities and generates the fused images. Then, the 3D U-net generates
FDG-PET from the fused images. The training dataset contains 20 subjects. After patching
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images the size of the dataset has been increased to 2500 samples. Even though data
augmentation can help the network to prevent overfitting, training a deep architecture like
U-net with a few samples does not allow the model to be generalized.

In [13,14], the authors rely upon minimizing pixel/voxelwise intensity variations and
ignore the textural details of the image content structure. Contextual information such
as edge similarity could help the network improve the performance of the synthesizing.
In [15], the authors proposed an edge-aware generative adversarial network (Ea-GAN)
with a U-Net architecture for the cross-modality MR image synthesis in 3D. During training,
a combination of a voxelwise intensity similarity and an edge similarity was minimized.
Furthermore the edge maps have been integrated to improve the performance of the
synthesis. To fix the saturation issue in the network, they used two strategies. The first
strategy is label smoothing in the discriminator to increase the difficulty of differentiation
and reduce the vulnerability of adversarial learning. In the second strategy they gradually
increased the weight related to the expectation of the edge similarity in order to balance
the importance of the edge information. The second strategy has been applied for a better
use of the edge information in MR images. Due to the the synthesis cost and the number of
parameters in the U-net architecture they proposed to patch the images with an overlap.

Recently, Lin et al. [3] proposed a 3D reversible GAN for a bidirectional mapping
of 3D MRI and PET. This mapping has been done through a reversible network in order
to transfer the information from one modality to another. A reversible network [16] is
an invertible architecture that is practical when we have missing data in both the target
domain and the observed domain.

Adapted image-to-image translation conditional GAN (pix2pix [17]), was designed
to produce synthetic abnormal brain tumors in multiparametric MRI from corresponding
segmentation masks [18]. In order to reduce the complexity of the model the images were
axially cropped. Therefore the model was fed with 108 central slices and then the central
part re-sampled into (128 × 128 × 54) which caused the loss of some small tumours.

Most of the 3D studies used U-net architecture [19–21]. U-net is a powerful architecture
in medical image analysis. However implementing U-net with the min–max strategy causes
convergence issues because of the complexity of the network in 3D. Toga et al. [22] proposed
a self-attention mechanism with a feature matching loss in a U-net in order to improve the
stability of training in 3D GAN. Table 1 represents a comparison between the state of the
art methods and the proposed method.

Table 1. Strengths and weaknesses of the state of the art methods and the proposed method.

Method 2D/3D Strengths Weaknesses

Chartsias et al. [8] 2D Generating Unpair images Only task evaluation

Salman et al. [9] 2D Deal with Source noise

MustGAN [10] 2D Aggregate the information from
different modalities

Paired source-target images
are Required

Ma et al. [12] 3D
Improve the generation of
hard-to-synthesis voxels in the
hippocampus regions

Discontinuities in the third axes

Ea-GANs [15] 3D Improve the performance by
adding edge similarity

Training a Complex architecture
(U-net) with a few samples

E-GAN 3D Reduces the complexity of
the network

Training the network is
time consuming

According to Table 1, most of the studies propose a complex network for 3D generation.
Training a complex model needs more data which is a challenge in medical images. Lack of
data and the need of a 3D network in order to obtain spatial information makes generating
3D neuroimage a challenging research topic with many open questions.
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3. Generative Adversarial Network

A generative adversarial network (GAN) is composed of two networks: a generator
and a discriminator that are combined using an adversarial process. Vanilla GAN is the
original variant of GAN for the synthesis of artificial images proposed by Goodfellow and
colleagues [7]. In Vanilla GAN the generator takes samples z from a noise distribution
p(z) as the input and generates the output xg = G(z). The real samples xr from real data
distribution p(x) and the generated sample xg from the generator are used as the input of
the discriminator D to produce a single value which is the probability to be real or fake.

During training, the discriminator provides feedback for the generator through a
positive or negative gradient related to the quality of the generated image by the generator.
The discriminator D, which is a binary classifier, attempts to distinguish the real images
from the fake ones generated by G while the generator G tries to fool D by generating
realistic examples. The opposition between the two networks, D and G, can be formalized
as a min–max game. The minimization and maximization parts used to train the generator
and the discriminator that represented by the loss function as follows [7]:

minGmaxDL(D, G) = Ex∼pdata(x) [log(D(x))] + Ey∼pz(z)[1− log(D(G(z)))]

GAN is used to generate new samples having the same distribution as the dataset
using a random noise as the input. For an image-to-image translation task, conditional
GAN (cGAN) is more suitable. cGAN takes an additional input y (labels, text, image, . . . )
sampled from an empirical distribution. The loss function for training cGAN is defined as:

minGmaxDL(D, G) = Ex∼pdata(x) [log(D(x|y))] + Ey∼pz(z)[1− log(D(G(z|y)))]

During training, if one of the networks faces difficulties, the other network may fail
to converge. Sometimes the generator feeds the discriminator with a frequent pattern.
Consequently, the discriminator is not able to provide an informative feedback for the
generator. As a result, the generator and the discriminator play a never-ending mouse-and-
cat game [23].

Another common training difficulty occurs at the start of the training when the dis-
criminator becomes too strong with a high accuracy to discriminate the fake images from
the real ones. The discriminator is not able to provide feedback for the generator when
1− log(D(G(z))) ' 0, so the learning process stops for the generator [24].

According to [25], the min–max strategy minimizes the Kullback-Leibler (KL) diver-
gence KL(Pr‖Pg). To be able to define this distance the distribution of Pg should exist.
When such a distance does not exist, the algorithm might not converge.

Although the min–max strategy has many challenges in practice, if it converges, the
quality of the generated image is better compared to the alternative approaches. In the
next section, we introduce E-GAN with a min–max strategy for synthesizing 3D MRI in an
image-to-image translation task.

4. Method

Our aim is to simulate the T1-weighted MRI from the corresponding FDG-PET image
with Elicit generative adversarial network (E-GAN). This is obtained by training a generator
G mapping the space P of PET images into the space M of MRI.

This mapping has been done by a generative adversarial network. The discriminator
is a 3D fully convolutional network and The generator consists of two parts: an encoder
and a decoder. The encoder has two parts: an Elicit network and a Sobel filter. The main
goal of the encoder is to map the informative information of PET images with a shallow
network. Then, the decoder generates the T1 weighted MRI from the retrieved information
from PET images. How well the translation G(p) fits to M is evaluated by a loss function
including two terms, Jensen Shannon distance (JSD) and L2 loss. We trained the network
on FDG-PET images and pairwise T1 weighted MRI with 256 subjects. In this section, we
explain E-GAN in three parts: the network configuration, loss function, and training.
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4.1. Network Configuration

The first part of the generator is a encoder network called Elicit network to extract
the spatial information from 3D FDG-PET and map the features into 2D with a shallow
network. The second part is a 3D decoder to generate the T1 weighted MRI form the
extracted features (Figure 1). For the Elicit network, we were inspired by the Multi-view
Separable Pyramid Network [26]. The main aim of the Elicit network is to obtain the
spatial information from PET images with less complexity in the network. Separable
convolution [27] divides up the spatial dimensions of an image with less multiplication.
Therefore, the separable strategy can efficiently reduce the complexity in comparison with
a 3D convolution.

Figure 1. Network architecture of E-GAN for image-to-image translation.

As represented in Figure 2, we used two blocks of separable convolutions in sagittal,
coronal, and axial views to map the spatial information in each axes of the PET image into
2D. Each block includes three separable convolutions. The first separable convolution is of
size (90, 1, 1) for axial, (1, 90, 1) for sagittal, and (1, 1, 90) for coronal view. These blocks
capture long-range dependencies in each axis. The second part of Elicit network has two
separable convolutions of size (45, 1, 1), (1, 45, 1), and (1, 1, 45) for axial, sagittal and coronal
views respectively. These blocks with a smaller kernel size capture local dependencies
and information in the PET images. After the separable convolutions we have 2D spatial
information extracted from 3D images. The second part of the Elicit network includes two
2D convolutions to extract the related features in each axis. Figure 2, represents the Elicit
network in detail.

Figure 2. Configuration of the Elicit Network for projection the features in 2D.

After projecting the spatial information we obtained the feature maps of each axis in
2D. The 2D features are represented as x ∈ R(c×c) for sagittal view, y ∈ R(c×c) for coronal
view and z ∈ R(c×c) for axial view. The parameter c represents the size of the feature map
after the last layer in the Elicit network.
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In order to mix these dependencies, we have implemented a fusing strategy similar
to the self-attention mechanism [28] without the convolutions to combine long-range
dependencies. Therefore for mixing the features, we transformed the axial feature maps
and the transpose of the sagittal feature maps into g. The feature maps of the coronal axis
are also transformed with the feature space g into l. In summary, the elementwise product
of each two axes has been calculated. Then in order to limit the magnitude, the hyperbolic
tangent of the features has been computed. At the end, we normalized the mixed feature
maps. The third axis has been added with the same strategy to g(i,j). This transformation
has been done by a Hadamard product as follows:

g(i,j) = tanh xi,j�yi,j

ΣN
i=1 tanh xi,j�yi,j

N represent the number of features on each axis. The output of mixing the two axes will
merge with the third axis as follows:

l(i,j) = tanh gi,j�zi,j

ΣN
i=1 tanh gi,j�zi,j

By encoding the high-level features with the Elicit network and the fusion mechanism,
the model can only capture the non-geometrical information. In this basic form, it would
misplace the geometrical information for decoding the MRI images. Hence, to transfer the
geometrical information, we completed the Elicit network with a 3D Sobel filter [29].

Sobel filter detects the edges and transfer the information of the boundaries between
different tissues of the brain for mapping the geometrical representation [30]. In addition,
by adding this geometrical information, the generator starts with good knowledge from the
PET image and generates more realistic samples. With this method, the generator can fool
the discriminator in the first steps of training so the model faces the saturation problem
less often.

Figure 3, represents the 3D Sobel operator, x, y and z axes correspond to each axis.

Figure 3. 3D Sobel operation in x, y and z.

We can define the 3 × 3 × 3 filter as follows:

G
′
z(:, :,−1) =

1 2 1
2 4 2
1 2 1
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G
′
z(:, :, 0) =

0 0 0
0 0 0
0 0 0



G
′
z(:, :, 1) =

−1 −2 1
−2 −4 −2
−1 −2 −1


By performing Sobel filter the extracted edges are scale dependent. To fix this issue,

we applied a 3D convolution after Sobel operator to have the same scale as the feature
map and smooth the thickness of some edges. The last part of the generator decodes the
T1-weighted MRI from high-level features and the geometrical information retrieved from
the FDG-PET images. The decoder consists of four layers of 3D convolutions following a
Batch normalization and a LeakyReLU as the activation function (Figure 1).

The input of the decoder is composed of two channels, one is the 2D feature maps of
the PET images and the second channel is relevant geometrical information and the edges.
The generator at the end generates the 3D T1-weighted MRI from 3D PET images with the
proposed architecture.

4.2. The Loss Function

An adversarial loss minimizes the distance between the probability density function
of the generated data and the real data but in practice it might be difficult to minimize. In
order to reduce the problems of adversarial loss we implemented a loss function consisting
of two terms: adversarial loss and L2 loss. The L2 loss, regardless of the structure in the
image, deals with the large errors, but it is more tolerant to the slight errors [31]. Since
we are dealing with the image-to-image translation task the adversarial loss is defined
as follows:

LGAN(G, D) = E(p,m) log(D(p, m)) +Ep log(1− D(p, G(p)))

As suggested in [32] we minimized the Jensen-Shannon divergence (JSD) to generate
more realistic samples. The JSD(pg‖pr) is the symmetric version of KL divergence between
pg which is the probability distribution of generated data and pr which is the probability
distribution of the real data.

JSD(pg‖pr) =
1
2 KL(pg‖(

pr+pg
2 )) + 1

2 KL(pr‖(
pr+pg

2 ))

In practice, we improved the learning stability with a weighted version of the loss:

arg minG(arg maxD α1LGAN(G, D) + α2L2(G)) p ∈ P, m ∈ M

we considered α1 = 1 and α2 = 0.5.

4.3. Training

We trained the network with a mini-batch stochastic gradient descent and an Adam
optimizer solver with a learning rate of 0.0001. The coefficients used for the computing
running averages of the gradient and its square B = (β1, β2) have been set to 0.5 and
0.999 respectively to have a stable training [33]. We initialized the weights with a normal
distribution N (0.0, 0.02). All the training was carried out on a single Nvidia GeForce RTX
3090 Ti with a batch size of 12 for 1000 epochs.

5. Experimental Results and Evaluation

To assess the performance of E-GAN for multimodality image translation, we con-
ducted experiments on the Alzheimer’s Disease Neuroimaging Initiative (ADNI) dataset.
The FDG-PET images and the pairwise T1 weighted MRI of 256 healthy subjects (129 female
and 127 male) have been used for this study. In ADNI participants usually take some scans
at different periods of time, we only used the subjects with less than one year delay between
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the scans. By adding this condition we could attenuate the differences caused by a long
time delay between successive acquisitions.

Both the MRI and PET images were first registered in the Montreal Neurological
Institute (MNI) space with spatial normalization to have the same resolution, with a voxel
size of 2× 2× 2 mm3. Then an intensity normalization was performed on the PET images
to divide each voxel intensity by the global average value. Eventually, to prepare the
images to feed the network a voxel-normalization between [−1, 1] and an interpolation
with anti-aliasing to down-size the images into (90, 90, 90) have been implemented. All the
procedures before the voxel-normalization have been done in SPM12 [34].

We evaluated the E-GAN with 3 models, a 3D DCGAN [35], a 3D WGAN [25], and a 3D
Pix2Pix GAN [17]. The 3D DCGAN has been implemented following [35]. The architecture
of the WGAN [25] has been designed to be the same as 3D DCGAN. The pix2pix GAN has
been designed based on [17] with a 3D architecture. Training and optimization parameters
have been experimentally set according to the stability of the minimization procedure and
the quality of the generated images.

We evaluated the model in two different ways. First, we assessed the similarity
between the simulated and the real images visually and by computing common evaluation
metrics. We further proposed a structural analysis for the simulated images. This evaluation
takes into account both the boundaries and the texture of the synthesized images.

5.1. Visual Image Similarity

Figure 4 represents a FDG-PET sample, a ground truth MRI image, and the generated
image. The generated T1 weighted MRI, visually is quite the same as the ground truth. In
order to compare the result with the state of the art methods Figure 5, represents a visual
comparison between the proposed model and the three methods in the state of the art.

Figure 4. A pair of FDG-PET (left image), the ground truth T1 weighted MRI (middle image), and
the generated image (right image) with E-GAN.

Figure 5. Experimental results for translating PET images to corresponding MRI with 3D DCGAN [35],
3D WGAN [25], 3D Pix2Pix GAN [17], and the proposed method.
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According to Figure 5, WGAN and DCGAN are defeated by Pix2Pix GAN and the
proposed model in terms of visual assessment. The proposed method has higher quality
and almost no artifacts and blurriness compared to Pix2Pix GAN.

The DCGAN almost could not generate the uniform tissues and the generated image
only has the main structure of the T1 weighted MRI. While the synthetic result of the
WGAN has a better performance on synthesizing the structure of T1 weighted MRI, the
synthetic images often preserve noise. The Pix2Pix GAN architecture obtains more details
inside the tissues but both the Pix2Pix GAN and the WGAN performed poorly for the
boundaries and sometimes visual artifacts in the corner of the synthetic images. E-GAN
shows a good performance in terms of generating boundaries and edges.

As generally done by other works in this area, we assumed three different metrics to
quantitatively evaluate the proposed method: (I) Peak signal-to-noise ratio (PSNR), (II)
mean absolute error (MAE), (III) the structural similarity(SSIM), and (IV) normalized
cross-correlation (Norm. XCorr). (Table 1).

To evaluate the effect of our model choices, we computed matrices values with different
possible options. Table 2, represents the result of implementing different loss functions
with the same architecture.

Table 2. The evaluation metrics of different state of the art methods on ADNI and the proposed
method after 1000 epochs.

Model PSNR SSIM MAE XCorr

DCGAN [35] 21.4 0.53 724 0.604
WGAN [25] 23.01 0.58 445 0.645
Pix2Pix [17] 24.76 0.61 295 0.726

E-GAN 28.16 0.75 105 0.809

According to the experimental result presented in Table 2, E-GAN enhances PSNR
to 22.13% compared to the mean PSNR in the state of the art. The generated images
with E-GAN have higher SSIM, correlation coefficient and a lower MAE as well. The
highest increment is a 67% increase in MAE compared to the mean MAE in the state of the
art methods.

In Table 3, JSD and L2 loss shows improvement in the all metrics. For example,
compared with the MSE the averaged PSNR of the proposed objective function increases by
approximately 3.71%. The experimental results demonstrate that the adversarial training
mechanism of GAN (KL divergence) is not always able to converge.

Table 3. The evaluation metrics of different loss functions on ADNI for the proposed method after
1000 epochs.

Loss PSNR SSIM MAE XCorr

MSE 25.49 0.602 110 0.733
KL 24.45 0.02 640 0.69

MSE+JSD 28.16 0.75 105 0.809

We believe that the geometrical and edges information can help the model to face
the saturation problem less. This information helps the generator to be able to catch up
with the discriminator faster. Figure 6, illustrates the synthetic images with geometrical
information and without geometrical information.
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Figure 6. Synthetic MRI with the Sobel filter (a) and without the Sobel filter (b).

5.2. Structural Analysis

Visual analysis is one of the most common ways to evaluate generated images. To
ensure that the structural information is not missed, the generated images have been
evaluated after segmenting the generated image as well. We segmented each image into
three classes (white matter, grey matter, and CSF) to examine if the model has generated
miss-placed voxels. Figure 7, illustrates the ground truth segmented T1 weighted MRI and
the synthetic image after the segmentation.

Figure 7. The ground truth (a) and the synthetic T1 weighted MRI (b).

The proposed model almost predicts the structure of the grey matter correctly so
the generated grey matter can be used in order to correct the partial volume effect, on
PET images. We have replicated the analysis with 10 subjects and measured the average
voxel values between the ground truth and the generated images for each tissue. Figure 8,
represents the average of voxel values.

Figure 8. The Average voxel values in the translated image and the ground truth for 10 subjects.
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As expected the difference in the voxel values between the generated images and real
images is quite low. It means that the generated images regarding the voxels values are
highly correlated to the ground truth. In the next section, we assess the model in terms of
tissue analysis.

5.3. Tissue Analysis

Gray Level Co-occurrence Matrix (GLCM) is a common texture descriptors. GLCM
calculates the Haralick features based on grey level intensities of the image. These features
are useful in texture recognition, image segmentation, image classification, and object
recognition [36]. In order to evaluate E-GAN in terms of simulating the texture, we have
performed the GLCM on the generated images and the ground truth. To do so, each
image has been discretized into eight grey levels and the Co-occurrence matrix has been
computed for the state of the art methods and the proposed model. Figure 9, shows the
Co-occurrence in 3D for a 6o degree angle and distance equal to three as an example. The
Co-occurrence matrix of the proposed model is the most similar one to the ground truth
Co-occurrence matrix. Pix2Pix GAN also represented a good performance to generate
the texture descriptor. In order to have a quantitative assessment of the texture Table 4,
represents a comparison of the four most common Haralick features from GLCM for the
proposed architecture and the state of the art methods.

Figure 9. The Co-occurrence matrix DCGAN [35] (A), WGAN [25] (B), Pix2Pix GAN [17] (C),
Proposed model (D) and the ground truth (E) in 3D.

Table 4. Comparison of Haralick features for the generated images and the ground truth.

Model Energy Homogeneity Dissimilarity Contrast

Real image 0.734 0.692 0.716 1.971
E-GAN 0.734 0.664 0.826 1.835

Pix2Pix GAN [17] 0.371 0.611 1.010 1.755
WGAN [25] 0.276 0.671 0.555 1.244
DCGAN [35] 0.243 0.680 0.319 1.130

The energy of the generated image with E-GAN is equal to the real image so the model
can generate the localized changes of the image as same as the real image. As shown in
Table 4, the proposed model has less contrast error in the generated images compared to
the other methods. Although the homogeneity is approximately the same between the
different models, E-GAN has the minimum difference with the ground truth. E-GAN can
generate images with the similar textures information to the real image. This is critical
when the image-to-image translation will be done with the aim of diagnosing or generating
abnormal images to balance a dataset.

6. Conclusions

In this paper, we proposed a model to generate 3D T1 weighted MRI from the FDG-
PET images. E-GAN is capable of generating 3D T1 weighted MRI by eliciting relevant
3D features with separable convolutions and a Sobel filter. Moreover, the idea of adding
a Sobel filter for passing the geometrical information of PET images through the decoder
helps the generator to avoid the saturation problem in the discriminator by generating
more realistic samples in the first steps of the training. Experimental results on the ADNI
dataset show that the proposed model can defeat the state of the art and generate images
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of a better quality. The evaluation of the proposed model has been done in three aspects:
visual analysis, structural analysis, and tissue analysis. Although E-GAN demonstrated
good performance compared to the state-of-the-art methods, the operations that have to be
done in the generator in order to mix the features increase the training time of the network,
which could be a drawback. Another limitation is related to min–max strategy. Adding
the Sobel filter in practice improves the stability of the network at the first steps of training
but still sometimes the network faces saturation problem. The proposed model has only
tested on healthy subjects. As the next step of this study, it could be beneficial to generate
abnormal images such as images related to different stages of Alzheimer’s disease.

Author Contributions: Conceptualization, F.J.P.R., E.G. and B.G.; Data curation, F.B. and E.G.; Formal
analysis, F.B., F.J.P.R. and B.G.; Methodology, F.B., F.J.P.R., B.G. and E.G.; Project administration, F.J.P.R.
and E.G.; Resources, E.G. and F.J.P.R.; Software, F.B.; Supervision, F.J.P.R., B.G. and E.G.; Visualization,
F.B.; Writing—original draft, F.B.; Writing—review & editing, F.J.P.R., B.G. and E.G. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding

Data Availability Statement: Data used in preparation of this article were obtained on (10/11/2020)
from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such,
the investigators within the ADNI contributed to the design and implementation of ADNI and/or
provided data but did not participate in analysis or writing of this report. A complete listing of ADNI
investigators can be found at http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_
Acknowledgement_List.pdf.

Acknowledgments: Members of Alzheimer’s Disease Neuroimaging Initiative.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Antoniou, A.; Edwards, H.; Storkey, A. Data augmentation generative adversarial networks. arXiv 2018, arXiv:1711.04340.
2. Tu, Z.; Bai, X. Auto-context and its application to high-level vision tasks and 3d brain image segmentation. IEEE Trans. Pattern

Anal. Mach. Intell. 2009, 32, 1744–1757.
3. Lin, W.; Chen, G. Bidirectional Mapping of Brain MRI and PET With 3D Reversible GAN for the Diagnosis of Alzheimer’s Disease.

Front. Neurosci. 2021, 15, 646013. [CrossRef] [PubMed]
4. Wang, Y.; Zhang, P.; An, L.; Ma, G.; Kang, J.; Shi, F.; Wu, X.; Zhou, J.; Lalush, D.S.; Lin, W.; et al. Predicting standard-dose

PET image from low-dose PET and multimodal MR images using mapping-based sparse representation. Phys. Med. Biol. 2016,
61, 791–812. [CrossRef] [PubMed]

5. Kang, J.; Gao, Y.; Shi, F.; Lalush, D.S.; Lin, W.; Shen, D. Prediction of standard-dose brain PET image by using MRI and low-dose
brain [18F]FDG PET images. Med. Phys. 2015, 42, 5301–5309. [CrossRef] [PubMed]

6. Sevetlidis, V.; Giuffrida, V.; Tsaftaris, S. Whole image synthesis using a deep encoder-decoder network. In Proceedings of the
International Workshop on Simulation and Synthesis in Medical Imaging, Québec City, QC, Canada, 10 September 2017; Springer:
Berlin/Heidelberg, Germany, 2017.

7. Goodfellow, I. Vinyals, O.; Saxe, A.M. Generative adversarial nets. Adv. Neural Inf. Process. Syst. 2014, 27. [CrossRef]
8. Chartsias, A.; Joyce, T.; Dharmakumar, R.; Tsaftaris, S.A. Adversarial image synthesis for unpaired multi-modal cardiac data.

In Proceedings of the International Workshop on Simulation and Synthesis in Medical Imaging, Québec City, QC, Canada, 10
September 2017; Springer: Berlin/Heidelberg, Germany, 2017.

9. Dar, S.; Yurt, M.; Karacan, L.; Erdem, A.; Erdem, E.; Çukur, T. Image synthesis in multi-contrast MRI with conditional generative
adversarial networks. IEEE Trans. Med. Imaging 2019, 38, 2375–2388. [CrossRef]

10. Yurt, M.; Dar, S.U.; Erdem, A.; Erdem, E.; Oguz, K.K.; Çukur, T. Multi-stream generative adversarial networks for MR image
synthesis. Med. Image Anal. 2021, 70, 101944. [CrossRef]

11. Zhou, T.; Fu, H.; Chen, G.; Shen, J.; Shao, L. Hi-net: Hybrid-fusion network for multi-modal MR image synthesis. IEEE Trans.
Med. Imaging 2020, 39, 2772–2781. [CrossRef]

12. Ma, B.; Zhao, Y.; Yang, Y.; Zhang, X.; Dong, X.; Zeng, D.; Ma, S.; Li, S. MRI image synthesis with dual discriminator adversarial
learning and difficulty-aware attention mechanism for hippocampal subfields segmentation. Comput. Med. Imaging Graph. 2020,
86, 101800. [CrossRef]

13. Wang, Y.; Zhou, L.; Yu, B.; Wang, L.; Zu, C.; Lalush, D.S.; Lin, W.; Wu, X.; Zhou, J.; Shen, D. 3D auto-context-based locality
adaptive multi-modality GANs for PET synthesis. IEEE Trans. Med. Imaging 2018, 38, 1328–1339. [CrossRef] [PubMed]

14. Yu, B.; Zhou, L.; Wang, L.; Fripp, J.; Bourgeat, P. 3D cGAN based cross-modality MR image synthesis for brain tumor segmentation.
In Proceedings of the IEEE 15th International Symposium on Biomedical Imaging, Washington, DC, USA, 4–7 April 2018.

adni.loni.usc.edu
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://doi.org/10.3389/fnins.2021.646013
http://www.ncbi.nlm.nih.gov/pubmed/33935634
http://dx.doi.org/10.1088/0031-9155/61/2/791
http://www.ncbi.nlm.nih.gov/pubmed/26732849
http://dx.doi.org/10.1118/1.4928400
http://www.ncbi.nlm.nih.gov/pubmed/26328979
http://dx.doi.org/10.48550/arXiv.1406.2661
http://dx.doi.org/10.1109/TMI.2019.2901750
http://dx.doi.org/10.1016/j.media.2020.101944
http://dx.doi.org/10.1109/TMI.2020.2975344
http://dx.doi.org/10.1016/j.compmedimag.2020.101800
http://dx.doi.org/10.1109/TMI.2018.2884053
http://www.ncbi.nlm.nih.gov/pubmed/30507527


Sensors 2022, 22, 4640 14 of 14

15. Yu, B.; Zhou, L.; Wang, L.; Shi, Y.; Fripp, J.; Bourgeat, P. Ea-GANs: Edge-aware generative adversarial networks for cross-modality
MR image synthesis. IEEE Trans. Med. Imaging 2019, 38, 2772–2781. [CrossRef] [PubMed]

16. Ouderaa, V.; Fa, T.; Worrall, D. Reversible gans for memory-efficient image-to-image translation. arXiv 2019, arXiv:1902.02729.
17. Isola, P.; Zhu, J.-Y.; Zhou, T.; Efros, A.A. Image-to-image translation with conditional adversarial networks. In Proceedings of the

IEEE Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 21–26 July 2017.
18. Shin, H.C.; Tenenholtz, N.A.; Rogers, J.K.; Schwarz, C.G.; Senjem, M.L.; Gunter, J.L.; Andriole, K.P.; Michalski, M. Medical image

synthesis for data augmentation and anonymization using generative adversarial networks. In Proceedings of the International
Workshop on Simulation and Synthesis in Medical Imaging, Granada, Spain, 16 September 2018; Springer: Berlin/Heidelberg,
Germany, 2018..

19. Wang, Y.; Yu, B.; Wang, L.; Zu, C.; Lalush, D.S.; Lin, W.; Wu, X.; Zhou, J.; Shen, D.; Zhou, L. 3D conditional generative adversarial
networks for high-quality PET image estimation at low dose. Neuroimage 2018, 174, 550–562. [CrossRef]

20. Ronneberger, O.; Fischer, P.; Brox, T. U-net: Convolutional networks for biomedical image segmentation. In Proceedings of the
International Conference on Medical Image Computing and Computer-Assisted Intervention, Munich, Germany, 5–9 October
2015; Springer: Berlin/Heidelberg, Germany, 2015.

21. Sikka, A.; Peri, V.; Bathula, D. MRI to FDG-PET: Cross-modal synthesis using 3d u-net for multi-modal Alzheimer’s classification.
In Proceedings of the International Workshop on Simulation and Synthesis in Medical Imaging, Granada, Spain, 16 September
2018; Springer: Berlin/Heidelberg, Germany, 2018.

22. Toga, A.; Sepehrband, F. Three-dimensional self-attention conditional GAN with spectral normalization for multimodal neu-
roimaging synthesis. Magn. Reson. Med. 2021, 86, 1718–1733.

23. Thanh-Tung, H.; Tran, T. Catastrophic forgetting and mode collapse in GANs. In Proceedings of the International Joint Conference
on Neural Networks (IJCNN), Glasgow, UK, 19–24 July 2020; IEEE: Piscataway, NJ, USA, 2020.

24. Arjovsky, M.; Bottou, L. Towards principled methods for training generative adversarial networks. arXiv 2017, arXiv:1701.04862.
25. Arjovsky, M.; Chintala, S.; Bottou, L. Wasserstein generative adversarial networks. In Proceedings of the International Conference

on Machine Learning, Sydney, Australia, 6–11 August 2017.
26. Pan, X.; Phan, T.-L.; Adel, M.; Fossati, C.; Gaidon, T.; Wojak, J.; Guedj, E. Multi-View Separable Pyramid Network for AD

Prediction at MCI Stage by 18 F-FDG Brain PET Imaging. IEEE Trans. Med. Imaging 2020, 40, 81–92. [CrossRef]
27. Mamalet, F.; Garcia, C. Simplifying convnets for fast learning. In Proceedings of the International Conference on Artificial Neural

Networks, Lausanne, Switzerland, 11–14 September 2012; Springer: Berlin/Heidelberg, Germany, 2012; pp. 81–92.
28. Zhang, H.; Goodfellow, I.; Metaxas, D.; Metaxas, D.; Odena, A. Self-Attention Generative Adversarial Networks. In Proceedings

of the International Conference on Machine Learning, PMLR, Long Beach, CA, USA, 9–15 June 2019.
29. Hossain, F.; Asaduzzaman, M.; Yousuf, M. Dynamic thresholding based adaptive canny edge detection. Int. J. Comput. Appl. 2016,

975, 37–41. [CrossRef]
30. Vairalkar, M.; Nimbhorkar, S. Edge detection of images using Sobel operator. Int. J. Emerg. Technol. Adv. Eng. 2012, 2, 291–293.
31. Mao, X.; Li, Q.; Xie, H.; Lau, R.Y.K.; Wang, Z.; Smolley, S.P. Least squares generative adversarial networks. In Proceedings of the

IEEE International Conference on Computer Vision, Venice, Italy, 22–29 October 2017.
32. Huszar, F. How (not) to train your generative model: Scheduled sampling, likelihood, adversary. arXiv 2015, arXiv:1511.05101.
33. Radford, A.; Metz, L.; Chintala, S. Unsupervised representation learning with deep convolutional generative adversarial networks.

arXiv 2016, arXiv:1511.06434.
34. Penny, W.; Friston, K.; Ashburner, J.; Kiebel, S.; Nichols, T. Statistical Parametric Mapping: The Analysis of Functional Brain Images;

Elsevier: Amsterdam, The Netherlands, 2011.
35. Wu, J.; Zhang, C.; Xue, T.; Freeman, B.; Tenenbaum, J. Learning a probabilistic latent space of object shapes via 3d generative-

adversarial modeling. In Proceedings of the 30th International Conference on Neural Information Processing Systems, Barcelona,
Spain, 5–10 December 2016.

36. Nageswara, C.; Sastry, S.; Mallika, K.; Tiong, H.S.; Mahalakshmi, K. HCo-occurrence matrix and its statistical features as an
approach for identification of phase transitions of mesogens. Int. J. Innov. Res. Sci. Eng. Technol 2013, 2, 4531–4538.

http://dx.doi.org/10.1109/TMI.2019.2895894
http://www.ncbi.nlm.nih.gov/pubmed/30714911
http://dx.doi.org/10.1016/j.neuroimage.2018.03.045
http://dx.doi.org/10.1109/TMI.2020.3022591
http://dx.doi.org/10.5120/ijca2016908337

	Introduction
	Related Work
	Generative Adversarial Network
	Method
	Network Configuration
	The Loss Function
	Training 

	Experimental Results and Evaluation
	Visual Image Similarity
	Structural Analysis 
	Tissue Analysis 

	Conclusions
	References

