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Abstract: In recent years, considerable work has been conducted on the development of synthetic
medical images, but there are no satisfactory methods for evaluating their medical suitability. Existing
methods mainly evaluate the quality of noise in the images, and the similarity of the images to the
real images used to generate them. For this purpose, they use feature maps of images extracted in
different ways or distribution of images set. Then, the proximity of synthetic images to the real set is
evaluated using different distance metrics. However, it is not possible to determine whether only one
synthetic image was generated repeatedly, or whether the synthetic set exactly repeats the training set.
In addition, most evolution metrics take a lot of time to calculate. Taking these issues into account,
we have proposed a method that can quantitatively and qualitatively evaluate synthetic images. This
method is a combination of two methods, namely, FMD and CNN-based evaluation methods. The
estimation methods were compared with the FID method, and it was found that the FMD method
has a great advantage in terms of speed, while the CNN method has the ability to estimate more
accurately. To evaluate the reliability of the methods, a dataset of different real images was checked.

Keywords: echocardiogram; artificial intelligence; echocardiography; generative adversarial
networks; convolutional neural network; FID; FMD; IS; synthetic medical image

1. Introduction

In the last few years, the use of artificial intelligence (Al) to analyze images, videos,
text, and audio, in order to interpret, detect, classify, and diagnose diseases, has attracted
the growing interest of researchers [1,2]. The development of medical Al-based software
requires a huge amount of data such as blood test results, X-rays, Computed tomography
(CT), Magnetic resonance imaging (MRI) Echocardiography (Echo) images, etc. However,
developing and labeling such datasets is a costly and time-consuming process, as those
processes are usually carried out by human experts.

Currently, there are limited numbers of publicly available echo databases, which are
too small or big but unlabeled. Therefore, there is a high demand for synthetic image-
creation methods. So, in recent years, building synthetic echocardiogram image datasets
has received considerable attention [3-5]. Generative adversarial networks (GAN) [6],
autoencoders (AEs) [7], and U-nets [8] have become the most efficient and popular methods
to generate synthetic images, and hundreds of their hybrid algorithms have been proposed
so far [9,10].

Obviously, as the number of algorithms increases, the need to evaluate their quality
and reliability also grow, respectively. Traditional methods of image quality assessment
were used usually to evaluate synthetic medical images. However, natural images (i.e.,
images of people, cars, animals, and other things around us) are slightly different from
medical images.
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Firstly, natural images are normally RGB images, i.e., 2D with 3 channels, while
medical images can be presented in different forms, such as 2D Gray scale (1 channel), 2D
with 4 channels, 3D, and 4D. Secondly, the relative pixel intensity in the natural image
is determined to detect edges and gradients. Quite in reverse, the intensity of each pixel
in medical images can convey information relevant to the problem, and even noise can
provide information about pathologies in tissues or organs. For example, algorithms
for detecting fibrosis have been developed based on speckle noises in echocardiogram
images [11]. Whereas in normal images, speckle noises are considered unnecessary and are
tried to be reduced as much as possible. Thirdly, in medical images, variation in location
plays a crucial role, but the location of an object is not important in normal images.

For this reason, in works [12,13], it is shown that using transfer learning with famous
networks (i.e., Inception, Resnet, VGG) to classify medical images does not give good
results, as those networks are only trained on natural images. Similarly, the methods used
to evaluate natural images cannot be used to evaluate medical images. Because popular
image quality evaluation methods such as FID, IS uses the Inception network to evaluate
images. However, in recent studies, the FID measurement was used as an evaluation
method [14-16], even though this leads to incorrect evaluation of image quality. Moreover,
calculating the FID value takes a lot of time and memory. It is especially disruptive when it
is used as an additional loss in training GAN networks. Therefore, it is an important task to
develop an easy-to-compute evaluation method specifically designed for medical images.
In recent years, special evaluation methods have been proposed for MRI, CT, and PET,
but these methods cannot be used directly to evaluate artificial echocardiogram images.
Despite this, any special method has been proposed in this field so far.

Moreover, FID or IS score cannot distinguish very subtle differences in echo images.
Here is an example to explain it better. The first sign to diagnose Hypertrophic cardiomy-
opathy (HCM) based on an echocardiogram is the LV thickness assessed at the level of the
septum and free wall. More precisely, if it is 15 mm or thicker, it means that this patient
may have HCM. The ratio of septal to free wall thickness is equal to 1.3-1.5 and is also
considered a suspicious sign of HCM [11].

However, since the LV value usually changes with the contraction and expansion of
the heart, this value should be measured during mid-diastole. That is, the ventricle of a
healthy heart expands during diastole (it will be largest when the mitral valves are closed
(Figure 1a) and narrows during the systole (it will be narrowest when the mitral valves
are open (Figure 1b). For this reason, the LV value is measured in the middle of diastole
time. Now just imagine if the training dataset consists of healthy patients” echo images.
Naturally, this dataset includes images of diastolic and systolic phases of the cardiac cycle.
The image generator takes the details/features from these two real images and generates a
new one (an image of the heart with an LV as wide as an end-diastolic LV but with open
valves can probably be generated) (Figure 1c). While this synthetic image is considered
a high-quality image by most evaluation criteria, it actually does not describe the target
disease, but it describes another disease, i.e., in the abovementioned case, it represents
HCM signs.

Therefore, in order to fill this gap, a new evaluation approach was proposed in this
paper. A brief summary of the proposed method is provided below. The assessment is
carried out in two stages:

1.  Quantitative evaluation: the assessment of the quality (noise, similarity) of the images.
2. Qualitative evaluation: the assessment of the reliability of the images.
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Figure 1. From the image of a healthy heart when its mitral valves open (a) and closed (b), a synthetic
heart image with the open mitral valve and thickened LV (c) is made. (Figure (a,b) are taken from [17],
while (c) is made manually.)

It was proposed to use a slightly modified version of the Fréchet inception distance
(FID) metric to evaluate the quality of images and it was named the Fréchet MedicalNet
distance (FMD) score. The main advantage of the proposed metric is low calculation
time compared to the FID score, so it can be used as an additional loss coefficient of the
discriminator during training GAN networks and can prevent the gradient from vanishing.
This can save a lot of time compared to using a simple FID. This is discussed in detail in
paragraph four.

Synthetic data consists of artificially generated data and is a quite powerful tool
to overcome the aforementioned problems. Because synthetic data are generated rather
than collected or measured, they can be of much higher quality than real data. Moreover,
privacy constraints can be applied so that the synthetic data does not reveal any important
information, such as patients’ clinical records. The deep neural network was used as a
major tool to evaluate the reliability of the synthetic images. In order to train this network,
synthetic images of two different classes are used as training datasets, whereas real images
are used as validation datasets. Network accuracy and convolution matrix are used as the
main evaluation parameters.

This paper consists of the following sections. The second section presents and an-
alyzes the related works. The third section describes image generation processes. The
fourth section contains information about the proposed methods, related architecture,
mathematical apparatus, and obtained results. The fifth section discusses the proposed
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synthetic image evaluation approach. Finally, the sixth and the seventh are future work
and conclusion, respectively.

2. Related Work

GAN s are a powerful deep generative model trained with an adversarial procedure.
GANSs have undergone several modifications since they were first proposed to solve sev-
eral different problems in different domains, e.g., physics [18], healthcare [19], or object
detection [20]. To analyze the state-of-the-art in what concerns GANs used for synthetic
data generation, as well as synthetic data generation methods, we reviewed recently pub-
lished scientific papers [21-23]. Pose-driven attention-guided image generation for person
re-Identification proposed in [24] by Amena et al. introduces attentive learning and trans-
ferring the subject pose through an attention mechanism based on GAN. In [25], the study
aimed to synthesize artificial lung images from corresponding positional and semantic
annotations using two generative adversarial networks and databases of real computed
tomography scans. researchers implemented an efficient strategy for synthesizing artificial
CT lung images from annotation masks and semantic labels and assessing the quality and
realism of the generated images. To create a collection of artificial one-, two-, and four-cell
embryo images, generative adversarial networks were trained on real human embryo cell
images. The algorithm’s ability to manipulate the size, position, and quantity of artificially
generated embryo cell images was confirmed by the results. These images can then be used
to train and validate additional embryo image processing algorithms when real embryo
images are not available or when the number of real embryo images is insufficient for
neural network training [26].

The development of different new methods of generating synthetic images has made
it urgent to evaluate these methods, more precisely, evaluating the quality of the image
they produced. For this reason, metrics were proposed to estimate synthetic image quality.
However, medical images such as MRI, CT, and Echo images are usually different from typ-
ical images (i.e., from images of people, cars, animals, clothes, etc.). They are noisier, blurry,
and difficult to detect edges and features in the images, especially echocardiogram images.
Every little change in them can be a sign of some diseases. So, special and accurate evalua-
tion metrics need to assess the quality of synthetic medical images. A number of papers
have been published in recent years to meet this need. They proposed different methods
and metrics. The advantages and disadvantages of the methods are given in Table 1.

In [27-29], a review and deep analysis of the evaluation methods of synthetic images
were given, and important analytical conclusions about their disadvantages and advantages
were drawn. When generative models began to be used in healthcare, the simplest Image
Quality Assessment methods were first used to evaluate the quality of the generated
images. The most popular of them were methods such as Structural similarity index
measure (SSIM) [30], Mean squared error (MSE) [31], Mean absolute error (MAE) [32],
Peak signal-to-noise ratio (PSNR) [33]. However, these algorithms were very simple and
insufficient. For example, when calculating MAE and SSIM, matching pairs of images are
required for synthetic images to compare.

As it is impossible to find real and synthetic paired images, many authors [34] used
MAE to evaluate generated CT, MRI, or PET image quality. These images are 4D images;
thus, their GAN network generated slices of the 4D images. Additionally, some authors
proposed to calculate the MAE value between images of successive slices [32]. Although
this method can be used to evaluate synthetic MRI and CT images, it is impossible to use
them for echo images as well because the echo images are 2D images and they do not have
slices. In addition, this method cannot evaluate the proximity of the generated image to
real ones, which is one of the method’s considerable disadvantages [35].
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Table 1. Related works pros and cons.

Name of Method/Metric

Showed High Accuracy Only In

Advantage

Disadvantage

MAE/MSE/SSIM [30-32]

Synthetic PET/CT/MRI images

Has high accuracy in
assessing noise in images

Require reference image for
each synthetic image,
Cannot be used for assessing
echocardiogram
synthetic image

Do not require reference

It can only correctly evaluate
noisy synthetic images.

NIQE [36] Image quality assessment image for each Cannot evaluate better quality
synthetic image synthetic images with
high accuracy.
. It can only evaluate the
Do not require reference o
. . distribution of generated
IS [37] Natural images assessment image for each .
. images. Adapted to the
synthetic image. 4 - .
evaluation of natural images;
It can estimate the distance . .
between the distribution Long calculation time;
FID [15] Natural images assessment Adapted to the evaluation of

of generated image set
and that of real image set.

natural images;

FastFID [16]

Natural images assessment

Fast calculation time

Adapted to the evaluation of
natural images;

. Higher Adapted to the evaluation of
DQA [38] MRIimages evaluation accuracy MRI images;
. . Has highest accuracy; . .
HYPE [39] Medical and natural images Used as a gold standard; Costly and time consuming
Proposed Method Echocardiogram images Fast and reliable Combination of two methods

All the abovementioned methods require reference/ground truth. Naturally, it is
impractical to find such an image, because generative models generate images that have a
multivariate statistical relationship with a set of real images, but not twins of real images.
Therefore, non-reference methods, such as the naturalness image quality evaluator (NIQE),
began to be used with a combination of other methods [36]. The statistical distribution of
the image is evaluated not by that of another base image but by calculating the deviations
from the statistical regularities of the image itself. Because of this, it cannot evaluate the
similarity between the real set and the synthetic set, it can only evaluate the quality of
the image. However, in the work [36], it was noted that the use of the NIQE method in
the earlier epochs of GAN, gives good results. As in the initial epochs of the training, the
images will be of poor quality and slightly noisy.

Later, many methods based on measuring the similarities/distances between statistical
distributions in a set of images or the distances in different feature maps of real and synthetic
images were used (for example, deep quality assessment (DQA) metrics [38], learned
perceptual image patch similarity (LPIPS) [40], inception score (IS) [37], and FID scores) [15].
IS score cannot assess the diversity of the images set, i.e., the exact or same images generated
by saturated, overfitted or mode collapsed network will be overestimated. It only takes
into account the distribution of synthetic images and cannot assess distances between
the distribution of real and synthetic image sets. Moreover, it is an image resolution-
sensitive method. Furthermore, when compared to human expert evaluation, it shows
an unsatisfactory evaluation ability for medical images. Further drawbacks can be found
in [28]. Therefore, in recent years, this method is considered unsatisfactory for use in the
evaluation of medical images and is almost not used.

Fid was suggested by Heusel [14] as an alternative to IS. Unlike IS, it could also
estimate the similarity of images to real images using the distance between activation
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distributions of datasets obtained from a special layer of the InceptionV3 network. The FID
was shown good correlation with human visual perception [30]. For this reason, FID values
are used mainly in the evaluation of medical images recently [14-16]. However, it still has
a number of drawbacks; the most important is high bias. Additionally, FID cannot detect
the GAN that remembers the training set.

In addition to the above automated methods, evaluation approaches, which involve
humans/experts, have also been used, for example, the visual turing test [41], five-point
Likert scale [38], and human eye perceptual evaluation (HYPE) [39]. Although these
methods are considered the most accurate methods and are the gold standard, they are
costly and time-consuming.

3. Image Generation Processes
3.1. The Working Principle of the GAN

One of the research fields in medical image processing is generating synthesized
images based on generative adversarial networks (GANs). GANs are a framework that
uses an adversarial process to estimate generative deep learning models, proposed by Ian
J. Goodfellow et al. [42] in 2014. The GAN architecture was named the most interesting
idea of the decade. In fact, it was capable of producing sharper, brighter, and more realistic
images than AE, U-Net, or other generative networks. One of its advantages was the
high level of diversity of the images it produced. The GAN architecture consists of two
networks which compete with each other. The architecture of the general GAN is illustrated
in Figure 2. This architecture consists of typical generator and discriminator networks.

log(1 - D(G(2)))

v
Sas
' |E log(D(x) + log(1-D(G(z)))
Z Generator G (2)
Latent Space

Generated samples

D (G (z)) and D(x)
Discriminator

Discriminator .
(x)

Real samples

Figure 2. The general architecture of the GAN network.

A generative model G tries to generate images similar (but not identical) to the real
target set from uniformly distributed noise, such as Gaussian noise. While discriminative
model D tries to distinguish the generated image from the real one, i.e., determines whether
the generated image is synthetic or natural. The total loss function of this network (min-max
loss function) is determined using Equations (1) and (2) as follows:

minmax
GD

V(D,G) =E__ a0 108D(X)] + E,p,(z) [log(1 — D(G(2)))] )

where D(x) is the discriminator that evaluates the probability that the given data x is real, Ex
is the expected value for all true datasets, G(z)— z is the image formed at the output of the
generator when noise is given, D(G(z)) is the discriminator that evaluates the probability that

V(G,G) 1)



Sensors 2023, 23, 3440

7 of 20

the synthetic image is real, and E; is the expected value of the result of all random noise entered
into the generator (in fact, the expected value of all generated synthetic examples is G(z)).

From the formula, it is clear that generator losses do not directly affect the network; an
increase in generator losses leads to a decrease in total losses because, as the generator loss
increases, the generated image quality decreases and becomes noisier. Then, discriminator
will easily distinguish such poor-quality images from real ones. Training this network
is very challenging. One main issue is the vanishing gradient. As the discriminator’s
classification ability increases, the loss value it transmits to the generator becomes very
small and the gradient loss function approaches zero: 1 —1logD(G,) ~ 0. As a result, the
generator receives no information, and the learning process is terminated. When such a
problem occurs, it can usually be overcome using other loss functions instead of adversarial
loss, such as Wasserstein loss and their combination [43-47] or adding additional loss to
the main loss function as a penalty.

In recent years, many papers have proposed various loss functions [9,47], such as
LadversarialrLimage/ Lperceptual/ Lstructure [46], Lselffreg/ Lsharp/ and Lshape [9] can be added to
the main loss function or can be used in different combinations or instead of it. However,
many of them are difficult to calculate, or impossible to reuse and check because the authors
do not provide complete information about them, or use private datasets. Therefore, the
simplest method is to use the FID score as a loss penalty. In order to find the FID value,
the root mean square of the matrices and traces should be calculated, and the calculations
are very time-consuming and slow down the process of training the network. Especially
during the generation of high-resolution synthetic images from large datasets, adding the
FID value as an additional loss further complicates the training process.

3.2. GAN Architecture and Parameters

In this work, we use a typical GAN network to evaluate the echo images generated by
the GAN network. In the GAN architecture, the generator network consists of five blocks,
each of which consists of a successive Convolution Transpose layer, Batch Normalization,
and ReLU layers, only the last Convolution Transpose layer is followed by the Tanh layer,
instead of Batch normalization, and ReLU layers. The Discriminator network consists of five
consecutive Convolution blocks, which include the Convolution layer, Batch normalization,
and LeakyReLU layer. Unlike the generator, a LeakyReLU layer was chosen as an activation
layer in the discriminator network. Batch normalization and LeakyReLU layers were
changed with the Sigmoid and Flatten layers in the last block of the discriminator. The
parameters of both networks are given in Tables 2 and 3. The Adam optimizer was used
to train the network. The learning rate was equal to 0.0002. The decay factor for the first
momentum—{@3_1—and the decay factor for infinity norm—@3_2—were equal to 0.5 and
0.999, respectively.

Table 2. The parameters of the Generator architecture.

No. Names of the Layers Number of ) Com{olutio.nal Layet.' Filter
Convolutional Layer Filters Size/Stride/Padding

1. Input + Reshape

2. ConvTranspose2d + BatchNorm + ReLU 512 4/1/0
3. ConvTranspose2d + BatchNorm + ReLU 256 4/2/1
4. ConvTranspose2d + BatchNorm + ReLU 128 4/2/1
5. ConvTranspose2d + BatchNorm + ReLU 64 4/2/1
6. ConvTranspose2d + Tanh 1 4/2/1




Sensors 2023, 23, 3440

8 of 20

Table 3. The parameters of the Discriminator architecture.

Number of Convolutional Layer Filter

No. Names of the Layers Convolutional Layer Filters Size/Stride/Padding
7. Input
8. Conv2d + BatchNorm + LeakyReLU(0.2) 64 4/2/1
Conv2d + BatchNorm + LeakyReLU(0.2) 128 4/2/1
10. Conv2d + BatchNorm + LeakyReLU(0.2) 256 4/2/1
11. Conv2d + BatchNorm + LeakyReLU(0.2) 512 4/2/1
12. Conv2d + Sigmoid + Flatten 1 4/1/0

CNN training set
(10840 frames)

3.3. Dataset

EchoNet (dynamic cardiac ultrasound database) was used to train the GAN network
and classification Convolutional neural network (CNN) [36]. This dataset consists of
echocardiogram videos from 10,030 individual patients. Although the videos were not
classified by disease, they provide information about the dimensions and some parameters
of the presented heart. More specifically, a separate CSV file contains information about the
ejection fraction (EF), end-systolic volume (ESV), and end-diastolic volume (EDV) values
of the heart in each video. These echo videos contain only an apical-4-chamber (A4C) view
of the heart, and their resolution size is 112 x 112. Then, we put appropriate files from the
dataset into two folders (i.e., classes) according to the heart’s ESV and EDV values. It is
known that the EDV of some hearts corresponds to the ESV of others. Therefore, when
the videos are divided into frames, the data of two sets can be intersected. For this reason,
we put the hearts’ videos where ESV < 20 and EDV < 2 into the first folder/class, and
the hearts’” videos where ESV > 70 and EDV > 70 were put into the second folder/class in
Figure 3. In this paper, we aimed to train two networks: GAN and CNN.

EchoNet

(10030 videos)

ESV<20and
EDV<20

ESV>70 and
EDV>70

Other

set (1408 frames) (1392 frames)

GAN training set
set (1794 frames) (2301 frames)

CNN training set
(14547 frames)

CNN validation GAN training set CNN validation

Figure 3. Distributed dataset.

The first is a GAN network for generating artificial images. The second is the CNN
network, which will be used in the proposed method. Therefore, after dividing the data
into folders according to their size, the files in each folder were divided into 3 parts in the
8:1:1 ratio. Notably, 8 x parts of data were taken for training the CNN network, 1x part
was taken for the validation of the CNN network, and 1x part was taken for training the
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GAN network. After that, the videos were divided into frames and placed in appropriate
folders. This distributed dataset is graphically illustrated in Figure 3.

3.4. Training the GAN Network and the Results

Training a GAN network is a very complex process, and it is trained over very long
iterations. Our goal was to train images Belonging to two different classes: Class 1 is a class
of heart images with ESV < 20 and EDV < 20, which is conditionally called Heart20. Class 2
is the class of cardiac images with ESV > 70 and EDV > 70, which is conditionally called
Heart70. In this case, the GAN network should be trained twice. The generated images
were controlled /judged at each epoch, and training was stopped if the images’ quality
was deemed satisfactory. Although the Heart20 data are less than the Heart70 data, the
GAN network was able to draw images of the class Heart20 faster and with better quality.
Therefore, during the generating of Heart20, training was stopped earlier in Figure 4. The
real images in the Heart20 and Heart70 datasets and appropriate the GAN-generated
synthetic images Figure 5.

Training Loss Training Loss

—— Discriminator Loss. —— Discriminator Loss
15.0 = Generator Loss

= Generator Loss

' I T

0 20000 40000 60000 80000 100000 120000 140000 [ 50000 100000 150000 200000
Iterations Iterations

(a) (b)

Figure 4. The value of losses during the training process: (a) Heart20 training loss and (b) Heart70
training loss.

<)
Fake Heart20 images Fake Heart70 images

Figure 5. The A4C real and synthetic echo images of the heart generated by the GAN architecture.

4. Proposed Evaluation Method

We have proposed a two-step evaluation approach and an appropriate new evaluation
metric method for the images generated by the GAN. The first step is to evaluate the
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quality of images during the training. For this, a new measure similar to the FID score, but
faster and easier to calculate, should be used. This method mainly evaluates the quality
of the images and the similarity of the synthetic images with the real images used for
training. This will be discussed in detail in Section 4.1. The second step is to evaluate the
images generated by the trained GAN. We have proposed a new method—using the CNN
network—for this step. This method evaluates the diversity of the generated datasets and
their proximity to other real images. This will be discussed in detail in Section 5.

4.1. Problem Statement

Evaluating the network performance and comparing the results using the GAN ar-
chitecture is a highly complex task. Usually, reference-based and non-reference-based
methods are used to estimate the distance between different distributions and to evaluate
the performance of the network. The most common methods are the assessment of IS and
FID scores.

As mentioned above, IS method uses a pre-trained InceptionV3 model to evaluate
the quality and diversity of the generated synthetic images. The InceptionV3 model
was trained using the ImageNet database, which contains more than one million images.
The InceptionV3 model can classify images into 1000 classes with an accuracy of 78.8%.
However, the IS cannot evaluate the similarity of the generated images to the real ones.
Therefore, a new FID method was proposed to evaluate the quality of images. The FID
method compares the distribution of the generated synthetic images with that of the real
images used to train the generator. For this, the feature map of the last average pooling
layer of the InceptionV3 network is used. This layer consists of 2048 neurons. Based on the
sets of feature maps generated in the last layer when the synthetic and real images are fed
into the network, the FID score is determined using Equation (3) as follows:

2
d3(F,G) = ‘px—py‘ +tr[2x—2y—2(ZXZy)l/2} 3)
Here, jx and py are the average values of the activations A(x;) and A(y;) generated
in the last average pooling layer when real and synthetic images—(x;, y;) are fed to the

InceptionV3 network. Then, X4y are the sample covariance matrices of these activations.
The trace of this matrix is determined using Equation (4):

tr(\/lez) -y

A (C}Czcgcl) ’ (4)

In this case, the time complexity for calculating the eigenvalue of (C¥C2C§C1) was
determined as O(mdn + m?n + m?), and if the number of samples is large, the time com-
plexity is (d*m +m?®). Here, m and n are the numbers of real and synthetic samples,

respectively, and d is the number of neurons in the last layer. If m << d, the time spent
to produce a small number of synthetic images is proportional to the number of neurons,
and if d << m with a large amount of data, it is a quadratic function. In [33], the authors
presented a new approach to overcome this issue, and the time complexity of their pro-

posed method was <d3 + dzm). Therefore, when working with a large amount of data,

the second method is more convenient than the first, where the time required depends
more on d than on the number of samples. However, considering that this relationship
is cubic, by reducing the value of d, theoretically, we can significantly reduce the time
required to calculate the FID value. In particular, in the case when the FID value is used
as an additional loss value, this method plays an important role in network training, as it
drastically increases the training speed. Although the computation time of the fast FID
method is much shorter than the original FID method, as noted in the same paper, it would
be desirable to further reduce this time because, usually, GAN networks are trained for a
long time, and in cases where the FID value is used as an additional loss, the total training
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time can be significantly reduced by fast calculating the FID value at each epoch. The
memory required for training would also be reduced. For this reason, we have proposed a
method with the possibility of fast calculation.

In addition, the InceptionV3 network is only designed to work with images of peo-
ple and objects and not with medical images and videos. Medical images, especially
echocardiograms, have special aspects which are different from ordinary images:

- They are noisier and blurrier than ordinary images;

- The edges are not clearly defined;

- Usually generated synthetic echo images are of gray-scale quality, i.e., mostly single-
channel.

In this situation, instead of the InceptionV3 network, the FID estimation accuracy can
be improved by using a network that can better classify medical data. For example, in [38],
a special method was designed for video quality estimation. However, no specific method
has been proposed to assess echocardiogram images.

4.2. Method Description

The main reason for the time-consuming calculation of the FID score is that the
InceptionV3 network has many parameters to calculate because, after feeding one image to
the network, from the input to the last average pooling layer, a total of 21,785,568 parameters
are required for the calculation. In addition, calculating the Fréchet distance, which is used
to calculate the FID score, also takes a lot of time. As a 2048xbatch_size matrix is generated
from the Adaptive average pooling layer. Therefore, in the process of FID calculations,
instead of the InceptionV3 network, we proposed to use a network with fewer parameters
and designed for the classification of echo images, given in Table 4. Furthermore, the size
of the last layer which will be used in the calculation of Fréchet distance also will be smaller
than that of the InceptionV3 network, i.e., than the last Adaptive Average Pooling layer.

Table 4. The parameters of the GAN architecture.

Number of Convolutional Layer
No. Names of the Layers Convolutional Filter Dropout (%)

Layer Filters Size/Stride/Padding

1. Input

2. Conv2d + BatchNorm + ReLU + Dropout 256 4/2/1 20

3. Conv2d + BatchNorm + ReLU + Dropout 2 4/2/1 20

4. Conv2d + BatchNorm + ReLU + Dropout 128 4/2/1 20

5. Conv2d + BatchNorm + ReLU + Dropout 16 2/1/0 20

6. Output

For this purpose, we built a CNN architecture that can classify echocardiogram im-
ages with high accuracy. The parameters of the architecture are listed in Table 4. The
output of the last convolution layer is used to calculate the Fréchet distance. More pre-
cisely, the parameters from the Input layer to the last ReLU layer are used. Then, a total
of 25,782 calculations are required to obtain the activation—A(x;) of a single image. This
means 844.99 times fewer parameters compared to the InceptionV3 network. In addition, a
256xbatch_size matrix is generated from the last convolution layer. Its size is also 4 times
less than that of the last used layer (2048xbatch_size) of Inception.

As mentioned earlier, the EchoNet dataset was used to train this network. To avoid
errors in the evaluation of the network, the dataset was divided into a certain ratio. One
part was reserved for training GANs and the rest was used for training and validating
CNN. That is, the CNN network cannot see the set of images intended for generating
synthetic images. In addition, a dropout layer was added after each convolutional block to
prevent network overfitting.
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The CNN was trained for 30 epochs. The Adam optimizer was used as the optimization
algorithm and the decay factor for the first momentum—p;—and the decay factor for the
infinity norm—f,—was set to 0.95 and 0.99, respectively. This is because, in our previous
work, it was found that these values affect high performance [2]. The validation accuracy
of the network reached 90.75%. The advantage of this network over InceptionV3 is that it
is adapted to gray-scale images, rather than to RGB images. This ensures that the quality
of the images was maintained during the assessment process. Another advantage of this
network is that it is trained to extract special features of echo images. This network is called
MedicalNet, and the method that assesses the quality of the synthetic images is called the
FMD method.

4.3. Experimental Results

After that, we generated images of Heart20 using the trained GAN network and
determined their FID and FMD values. To determine the reliability of the estimation
methods, we checked them on two different databases: the dataset used to train the GAN
and the validation dataset used to evaluate the CNN network. In order to estimate the
distribution across the group, we set the batch size equal to the size of these datasets, i.e.,
1392 and 1408, respectively. Since the synthetic images were generated based on the GAN
training dataset, the FID and FMD values were expected to be smaller. Because synthetic
images will be more similar to this set. Even the CNN validation dataset is unfamiliar for
synthetic images; they should have small enough FID and FMD values, as they also belong
to the same class as the GAN training set. That is, synthetic images should be similar to
every real image of the same group, despite their usage in the training process. As can
be seen from Table 5, the real synthetic images are more similar to the GAN training set.
The important point here is that the value of FMD is slightly higher than the value of FID.
However, when evaluating the similarity to the validation set, the value of FMD is much
higher than the value of FID.

Table 5. FID and FMD values for different datasets and time required to calculate them.

Batch Size FID FMD Real Datasets Name

Time Value Time Value

Heart20 fake dataset

1392 253.372 34.41 1.813 16.62 GAN training set

1408 313.716 42.56 2.456 29.45 CNN validation set
Heart70 fake dataset

1794 308.225 62.81 1.930 138.38 GAN training set

2301 326.37 61.04 2.120 129.23 CNN validation Set

As can be seen from Table 5, the speed of calculating the FMD value is significantly
higher than that of the FID value. To further validate this, we performed the following
experiment. The calculation time of both methods was measured for different batch sizes.
The times required to calculate the FID and FMD values obtained in the experiment are
listed in Table 6.

Table 6. Time required for calculating the FID and FMD values.

Batch FMD Time FID Time FID/FMD Ratio
8 17.43 ms 1.51s 86,632.24
16 37.559 ms 3.468 s 92,334.73
32 62.775 ms 6.226 s 99,179.61
64 112.565 ms 12.143 s 107,875.4

128 244.611 ms 24371s 99,631.66
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As shown in Table 6, our proposed method required up to 107.9 times less computation
time than the conventional FID methods. Several fast algorithms have been proposed to
reduce the time required to compute the FID value [48]. Comparative results of the
proposed method and FID method were given in Table 6.

The speed of our proposed algorithm was higher than that of the other algorithms.
Authors [49] found that the evaluation time of eight images using the fastFID method was
up to 13 times faster than using the normal FID method. Our approach required 86.63 times
less time than the FID method. The fastFID algorithm took 2.8 times less time to evaluate
128 images than the FID method, whereas our algorithm required 99.6 times less time than
the FID method for this process. That means our proposed algorithm is much more (up to
35.5 times) faster than the fastFID method.

Now, it may be assumed that this difference affects training time if the FID, fast FID,
and FMD scores are used in the GAN network as an additional loss. The loss function will
be in the following form (5):

G*, D* = argmingmangLcgan (G, D) + ALpq (G) 5)

During the training, the FID loss is calculated at each iteration. If the number of
images in the dataset is n and the batch size is b, the number of iterations in each period
is expressed as n/b, and for m epochs, it will be determined as N; = m*n/b. Then, the
additional time required to calculate the FID value will be expressed as follows:

t = Nixto (6)

Here, ty is the time spent calculating the FID value in a single batch. Using the above
formula, in Table 5 and Figure 6, we show a comparison of excess calculation time for
different epochs when the batch size is equal to 128. We may take iterations per epoch
equal to 10.

Figure 6 shows that using the FMD value as an additional loss for training the GAN
(with 128 batch size dataset) during 1000 epoch requires 24,127 fewer seconds than using
the FID value; that is, approximately 6.7 h can be saved. Moreover, it can be seen that
the computation time of the FID value in the FastFID method is almost the same as
the computation time of the FMD value. However, in the proposed approach, we used
SCIPY.LINALG.SQRT function for calculating the FMD values. If the matrix trace is
calculated instead of using the SCIPY.LINALG.SQRT function as mentioned in [49,50], the
time required to calculate the FMD value can be reduced further by a factor of 100.
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5000 / e FID calc. time
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Figure 6. Time required for calculating the additional loss value in 1000 epochs with 128 batch.
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4.4. New CNN-Based Evaluation Method

This method can only be used after the GAN network is fully or sufficiently trained,
as this method requires a large number of synthetic images. This method works as follows.

After the GAN network is trained, a large dataset of synthetic images will be generated
using the trained GAN. The CNN network is trained using this synthetic dataset. Real
images are used as a validation dataset. These real images can be images used in the
training GAN or other images of the same classes. However, the most important thing is to
pay attention to the fact that the size of the training and validation dataset should be in a
9:1 or 8:1 ratio. So it is recommended to develop a dataset of synthetic images based on the
number of available real images.

Another important thing to mention is that, as CNN is being used here for classification
purposes, we need images of at least two classes. This means that we need to train the
GAN network twice, that is, we need to train it separately to generate images belonging to
two different classes.

Because the following conclusions can be drawn in Figure 7, which serves as our
main evaluation tool. In our case, images belonging to two different classes (Heart20
and Heart70) were generated using the GAN network. We had 2301 and 1392 images in
each class, respectively, for training the GAN network. So we generated 18.000 Heart70
synthetic images and 11.000 Heart20 synthetic images. For this task, we used the net-
work used in the FMD metric (see Section 4.2.) Then we trained the CNN network. The
training and validation accuracy of the network for synthetic and real training datasets
is shown in Figure 7.

100 Training and Validation Accuracy Training and Validation Accuracy
100

— = Validation

—~——— i Traln

60

~—— T N—————

Accuracy
Accuracy

40

20 20
—Validation
—Train

0 5 10 15 20 Pe 30 0 5 10 15 20 25 30
Epochs Epachs

(@) (b)

Figure 7. Training and validation accuracy of real (a) and synthetic (b) datasets.

The rapid rise of the training line to 100% means that the homogeneity of the synthetic
images is very high. In particular, the fact that the training line reaches 100% in the initial
epochs, and the validation line takes very low (30—-40) values means that almost all synthetic
images are the same, that is, mode collapse or overfitting in the GAN network.

Depending on the maximum value of the validation line, synthetic images can be
evaluated as the 5-point Likert scale, as follows:

e  Less than 40—Very bad. Low quality or the same images, mode collapse, or overfitting
occurs in GAN.
30-50—Bad. The diversity is very low. Most images are unrealistic and of poor quality.
50-70—Satisfactory. The diversity is low. Some images are unrealistic and of low quality.
70-80—Good-quality images. The diversity is high, but there are still some distur-
bances in some images.

e  More than 80—Much like the real images, the diversity is very high.

We can see from Figure 7 that the generated images are satisfactory but of poor quality.
In fact, there were also very noisy images within the dataset. In addition, it could be seen
that many images are very similar to each other. That is why the training line was close to
100% from the earlier epochs.
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To validate the algorithm’s effectiveness, this study conducted numerous tests using
accuracy, recall, F-measure (FM), and AP evaluation metrics are the key indices for gauging
the accuracy of GAN models. Samples in the binary classification issue can be classified
as true positives (TP), false positives (FP), true negatives (TN), or false negatives (FN), de-
pending on the relationship between the actual and expected categories (FN) The confusion
matrix of the categorization is displayed in Table 7.

Table 7. The confusion matrix of the real and predicted categories.

Labeled Name Predicted Confusion Matrix
Positive Positive P
Positive Negative FN
Negative Positive Fp
Negative Negative P

The F-measure (FM), which balances the precision and recall rates and measures
the weighted average, was tested. This rating considers both the true positive and false
negative rates. The FM is the characteristic that detects an object most frequently because it
is challenging to measure the accuracy rate. False negatives and true positives performed
better in a detection model that used the same weight. Precision and recall, however, must
be considered if real positives and false negatives are different. The ratio of genuine positive
observations is known as precision. The average precision and recall rates of our suggested
method can be calculated as illustrated in Equations (7) and (8):

TP

PI’eClSZOI’l = m (7)
TP
Recall = ——
O = TPYFEN ®

When the accuracy ratio is plotted against the recall rate, the resulting graph is called
a precision-recall curve (P-R plot). The effectiveness of the model may also be determined
by its FM score.

The score can be defined as follows:

2 x precision x recall

FM —
precision + recall

©)

The FM average accuracy of each detection was also employed as a criterion in this
investigation (AP). The following is a definition of the term:

AP = Precision (Recall)d(Recall) 1

Table 8 shows the comparison of the three models’ performance of the generated syn-
thetic medical image efficiencies. Our proposed approach model outperforms competing
models in terms of both accuracy and recall rate, with an accuracy of, at most, 98.71 percent.

Table 8. Comparison of the proposed model with other state-of-the-art GAN methods for generating
synthetic medical images.

Deep Pix2Pix MRI via

GAN [51] GAN [52] Proposed Approach
Precisions 96.35% 93.92% 98.71%
Recalls 64.98% 75.28% 82.13%

mAP 41.12% 38.03% 29.49%
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5. Discussion

Medical images are used to diagnose diseases, which means that their quality can
affect human life and health. So the correct evaluation of the quality of synthetic medical
images is more important than the evaluation of ordinary images. For this reason, in recent
years, many methods and metrics for assessing the quality of synthetic medical images have
been proposed. However, most of them are mainly methods adapted for the evaluation
of MRI, CT, and PET images. According to the information we have, no special method
for evaluating echo images has been developed. Generally, MRI, PET, and CT images are
very different from echo images. MRI images are 3D images and have less noise than echo
images. Therefore, the MAE, MSE, and SSIM methods that are used effectively for MRI and
PET images will be ineffective for echo images. For this reason, the most recent published
studies on echo imaging have mainly used the FID value. However, the FID value only
compares the distribution of the synthetic images with the distribution of the training set
of images. However, if the twins of the real images are generated due to the mode collapse
or overfitting of the GAN, the FID value will be still very small; i.e., these images are
estimated as good-quality images. It can be seen that the FID value cannot assess whether
the network is overfitting. Moreover, although generated images are in high resolution and
are not identical to real images, they may reflect another disease. This is also a big problem,
as generated images are usually used in classification problems. However, the FID metric
cannot estimate this phenomenon.

The proposed CNN evaluation method, unlike it, can evaluate the variety of images,
not only how close they are to real images but also how different they are from another
class. It can also assess whether the GAN network is working incorrectly, reproducing the
same images over and over again, low image quality, and how close the distribution of
synthetic images is to other real images that were not used to train the GAN.

The intervention of medical personnel was not used to evaluate the accuracy of this
work. However, non-overlapping datasets were used to evaluate the proposed method.
Specifically, the real images used to train the GAN were not used to evaluate the CNN
trained on synthetic images. That is, the similarity of synthetic images not only with the
trained set but also with the set outside of it was evaluated.

Of course, the proposed CNN method is time-consuming, but, once it is trained, it
can evaluate as many images as desired in a very short time. In addition, it can estimate
synthetic images from two or more classes at once. However, in this process, it can estimate
how different the distributions of synthetic images of different classes are. Yet the FID
metric does not have such capabilities. In addition, last but not least, synthetic images
are usually used for classification purposes. Therefore, evaluating them using the CNN
method also evaluates how satisfactory these images are for classification problems.

Since the CNN method is a method that can only be used after the GAN training is
completed, by using the FMD method during the GAN training, the quality of the images
can be evaluated during the training as well. Since the FMD method is much faster than
the FID method, monitoring the quality of the images by evaluating the FMD at each epoch
does not bother much the training process.

Using the CNN method together with the FMD method allows us to quickly and
reliably evaluate the images generated by the GAN network from the initial training stage
to the stage after training.

6. Future Direction

Loss is a value that represents the summation of errors in existing models. Errors oc-
curred mainly because of two major problems, namely, mode collapse and non-convergence.
One feasible method to make GAN solve these two challenges is to redesign the network
architecture to obtain a more powerful model. Accuracy measures how well our model
predicts by comparing the model predictions with the true values in terms of percentage.
Having a low accuracy but a high loss would mean that the model makes great errors in
most of the data. However, if both loss and accuracy are low, it means the model makes
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small errors in most of the data. However, if they are both high, it makes big errors in some
of the data. Finally, if the accuracy is high and the loss is low, then the model makes small
errors for just some of the data, which would be the ideal case [53-55]. The evaluation of
images using the CNN network is qualitative rather than quantitative, so further research
should be conducted to evaluate images quantitatively based on the accuracy graph of the
training and validation of the CNN network [56,57].

7. Conclusions

In this study, we developed a specific FMD metric and CNN method for the evaluation
of synthetic echo images. It is recommended to use a combination of these methods to
evaluate the generated images during and after the training process of the generative
network. This FMD metric is easier to calculate than the FID method. Especially when
using it as an additional Loss function in GAN networks, the difference will be great.

The evaluation of synthetic images using the CNN network has the following advan-
tages that are not available in other evaluation methods:

e It can evaluate the quality of synthetic images belonging to two or more classes at the
same time.

e Itis possible to evaluate the diversity of the generated Images and the presence of the
same images.

e It can estimate how close the distribution distance of synthetic images is to that of real
images of the same class and how far it is from that of other classes.

Author Contributions: Conceptualization, R.N. and A.B.A.; Formal analysis, R.N.; Algorithms: N.N.
and A.B.A.; Funding acquisition, TK.W.; Investigation, B.M. and R.N., Methodology, A.B.A.; Project
administration, T K.W.; Software, B.M.; Supervision, TK.W.; Validation, R.N. and N.N.; Writing—
original draft, B.M., A.B.A. and R.N.; Writing—review and editing, A.B.A., RN. and TK.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the GRRC Program of Gyeonggi Province. [GRRC-Gachon2021(B03),
Development of Healthcare Contents based on Al].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to express their sincere gratitude and appreciation to
their supervisor, Taeg Keun Whangbo (Gachon University), for his support, comments, remarks, and
engagement during the period in which this manuscript was written. Moreover, the authors would
like to thank the editor and anonymous referees for their constructive comments on improving the
content and presentation of this paper.

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

References

1.

Nasimova, N.; Muminov, B.; Nasimov, R.; Abdurashidova, K.; Abdullaev, M. November. Comparative Analysis of the Results
of Algorithms for Dilated Cardiomyopathy and Hypertrophic Cardiomyopathy Using Deep Learning. In Proceedings of the
2021 International Conference on Information Science and Communications Technologies (ICISCT), Tashkent, Uzbekistan, 3-5
November 2021; pp. 1-5.

Muminov, B.; Nasimov, R.; Mirzahalilov, S.; Sayfullaeva, N.; Gadoyboyeva, N. Localization and Classification of Myocardial
Infarction Based on Artificial Neural Network. In Proceedings of the 2020 Information Communication Technologies Conference
(ICTC), Nanjing, China, 29-31 May 2020; pp. 245-2409.

He, X;; Lei, Y,; Liu, Y,; Tian, Z.; Wang, T.; Curran, W.J.; Liu, T.; Yang, X. Deep attentional GAN-based high-resolution ultrasound
imaging. In Proceedings of the SPIE 11319, Medical Imaging 2020: Ultrasonic Imaging and Tomography, 113190B, Bellingham,
WA, USA, 16 March 2020.

Peng, B.; Huang, X.; Wang, S.; Jiang, ]. A Real-Time Medical Ultrasound Simulator Based on a Generative Adversarial Network
Model. In Proceedings of the 2019 IEEE International Conference on Image Processing (ICIP), Taipei, Taiwan, 22-25 September
2019; pp. 4629-4633.



Sensors 2023, 23, 3440 18 of 20

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

Teng, L.; Fu, Z.; Yao, Y. Interactive Translation in Echocardiography Training System with Enhanced Cycle-GAN. IEEE Access
2020, 8, 106147-106156. [CrossRef]

Devi, M.K.A.; Suganthi, K. Review of Medical Image Synthesis using GAN Techniques. ITM Web Conf. 2021, 37, 1005. [CrossRef]
Wang, S.; Cao, G.; Wang, Y.L,; Liao, S.; Wang, Q.; Shi, J.; Li, C.; Shen, D. Review and Prospect: Artificial Intelligence in Advanced
Medical Imaging. Front. Radiol. 2021, 1, 781868. [CrossRef]

Zhang, Q.; Zhao, ].; Long, X.; Luo, Q.; Wang, R.; Ding, X.; Shen, C. AUE-Net: Automated Generation of Ultrasound Elastography
Using Generative Adversarial Network. Diagnostics 2022, 12, 253. [CrossRef]

Singh, N.K,; Raza, K. Medical Image Generation Using Generative Adversarial Networks: A Review. In Health Informatics:
A Computational Perspective in Healthcare. Studies in Computational Intelligence; Patgiri, R., Biswas, A., Roy, P, Eds.; Springer:
Singapore, 2021; Volume 932.

Abdi, A.H,; Tsang, T.S.; Abolmaesumi, P. GAN-enhanced Conditional Echocardiogram Generation. arXiv 2019, arXiv:1911.02121.
Fabiani, I.; Pugliese, N.R.; Santini, V.; Conte, L.; Di Bello, V. Speckle-Tracking Imaging, Principles and Clinical Applications: A
Review for Clinical Cardiologists. Echocardiogr. Heart Fail. Card. Electrophysiol. 2016, 2016, 85-114. [CrossRef]

Morra, L.; Piano, L.; Lamberti, F.; Tommasi, T. Bridging the gap between Natural and Medical Images through Deep Colorization.
In Proceedings of the 2020 25th International Conference on Pattern Recognition (ICPR), Milan, Italy, 10-15 January 2021; pp.
835-842. [CrossRef]

Alzubaidi, L.; Al-Amidie, M.; Al-Asadi, A.; Humaidi, A.J.; Al-Shamma, O.; Fadhel, M.A_; Zhang, J.; Santamaria, J.; Duan, Y. Novel
Transfer Learning Approach for Medical Imaging with Limited Labeled Data. Cancers 2021, 13, 1590. [CrossRef]

Heusel, M.; Ramsauer, H.; Unterthiner, T.; Nessler, B.; Hochreiter, S. GANs Trained by a Two Time-Scale Update Rule Converge
to a Local Nash Equilibrium. Adv. Neural Inf. Process. Syst. 2017, arXiv:1706.08500.

Coyner, A.S.; Chen, ].S.; Chang, K,; Singh, P.; Ostmo, S.; Chan, R.P.; Imaging and Informatics in Retinopathy of Prematurity Con-
sortium. Synthetic Medical Images for Robust, Privacy-Preserving Training of Artificial Intelligence: Application to Retinopathy
of Prematurity Diagnosis. Ophthalmol. Sci. 2022, 2, 100126. [CrossRef]

Khan, F; Tarimer, I.; Alwageed, H.S.; Karadag, B.C.; Fayaz, M.; Abdusalomov, A.B.; Cho, Y.-I. Effect of Feature Selection on the
Accuracy of Music Popularity Classification Using Machine Learning Algorithms. Electronics 2022, 11, 3518. [CrossRef]
Available online: https:/ /cardiologytasmania.com.au/for-referring-doctors /understanding-your-echo-report/ (accessed on 25
January 2023).

Siddani, B.; Balachandar, S.; Moore, W.C.; Yang, Y.; Fang, R. Machine learning for physics-informed generation of dispersed
multiphase flow using generative adversarial networks. Theor. Comput. Fluid Dyn. 2021, 35, 807-830. [CrossRef]
Coutinho-Almeida, J.; Rodrigues, P.P.; Cruz-Correia, R.J. GANSs for Tabular Healthcare Data Generation: A Review on Ultility and
Privacy. In Discovery Science; Soares, C., Torgo, L., Eds.; Springer International Publishing: Cham, Switzerland, 2021; pp. 282-291.
Lee, H.; Kang, S.; Chung, K. Robust Data Augmentation Generative Adversarial Network for Object Detection. Sensors 2023, 23, 157.
[CrossRef]

Figueira, A.; Vaz, B. Survey on Synthetic Data Generation, Evaluation Methods and GANs. Mathematics 2022, 10, 2733. [CrossRef]
Li, X;; Jiang, Y.; Rodriguez-Andina, ].].; Luo, H.; Yin, S.; Kaynak, O. When medical images meet generative adversarial network:
Recent development and research opportunities. Discov. Artif. Intell. 2021, 1, 5. [CrossRef]

Frid-Adar, M.; Diamant, I.; Klang, E.; Amitai, M.; Goldberger, J.; Greenspan, H. GAN-based synthetic medical image augmentation
for increased CNN performance in liver lesion classification. Neurocomputing 2018, 321, 321-331. [CrossRef]

Khatun, A.; Denman, S.; Sridharan, S.; Fookes, C. Pose-driven attention-guided image generation for person re-Identification.
Pattern Recognit. 2023, 137, 109246. [CrossRef]

Mendes, J.; Pereira, T.; Silva, E; Frade, J.; Morgado, J.; Freitas, C.; Oliveira, H.P. Lung CT image synthesis using GANs. Expert Syst.
Appl. 2023, 215, 119350. [CrossRef]

Dirvanauskas, D.; Maskelifinas, R.; Raudonis, V.; Damasevicius, R.; Scherer, R. HEMIGEN: Human Embryo Image Generator
Based on Generative Adversarial Networks. Sensors 2019, 19, 3578. [CrossRef] [PubMed]

Borji, A. Pros and cons of gan evaluation measures. Comput. Vis. Image Underst. 2019, 179, 41-65. [CrossRef]

Lucic, M.; Kurach, K.; Michalski, M.; Gelly, S.; Bousquet, O. Are GANs Created Equal? A Large-Scale Study. In Proceedings of the
32nd Conference on Neural Information Processing Systems (NIPS 2018), Montréal, Canada, 3-8 December 2018.

Tereza, N.; Ninon, B.; David, S. Chapter 25—Validation and evaluation metrics for medical and biomedical image synthesis.
In Biomedical Image Synthesis and Simulation; Academic Press: Cambridge, MA, USA, 2020; pp. 573-600. ISBN 9780128243497.
[CrossRef]

Middel, L.; Palm, C.; Erdt, M. Synthesis of Medical Images Using GANs. In Uncertainty for Safe Utilization of Machine Learning in
Medical Imaging and Clinical Image-Based Procedures; Springer International Publishing: Cham, Switzerland, 2019; pp. 125-134.
[CrossRef]

Nodirov, J.; Abdusalomov, A.B.; Whangbo, T.K. Attention 3D U-Net with Multiple Skip Connections for Segmentation of Brain
Tumor Images. Sensors 2022, 22, 6501. [CrossRef]

Bauer, D.E; Russ, T.; Waldkirch, B.I.; Ténnes, C.; Segars, W.P.; Schad, L.R.; Golla, A.K. Generation of annotated multimodal
ground truth datasets for abdominal medical image registration. Int. J. CARS 2021, 16, 1277-1285. [CrossRef] [PubMed]


http://doi.org/10.1109/ACCESS.2020.3000666
http://doi.org/10.1051/itmconf/20213701005
http://doi.org/10.3389/fradi.2021.781868
http://doi.org/10.3390/diagnostics12020253
http://doi.org/10.5772/64261
http://doi.org/10.1109/ICPR48806.2021.9412444
http://doi.org/10.3390/cancers13071590
http://doi.org/10.1016/j.xops.2022.100126
http://doi.org/10.3390/electronics11213518
https://cardiologytasmania.com.au/for-referring-doctors/understanding-your-echo-report/
http://doi.org/10.1007/s00162-021-00593-9
http://doi.org/10.3390/s23010157
http://doi.org/10.3390/math10152733
http://doi.org/10.1007/s44163-021-00006-0
http://doi.org/10.1016/j.neucom.2018.09.013
http://doi.org/10.1016/j.patcog.2022.109246
http://doi.org/10.1016/j.eswa.2022.119350
http://doi.org/10.3390/s19163578
http://www.ncbi.nlm.nih.gov/pubmed/31426441
http://doi.org/10.1016/j.cviu.2018.10.009
http://doi.org/10.1016/B978-0-12-824349-7.00032-3
http://doi.org/10.1007/978-3-030-32689-0_13
http://doi.org/10.3390/s22176501
http://doi.org/10.1007/s11548-021-02372-7
http://www.ncbi.nlm.nih.gov/pubmed/33934313

Sensors 2023, 23, 3440 19 of 20

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Dar, S.U,; Yurt, M.; Karacan, L.; Erdem, A.; Erdem, E.; Cukur, T. Image Synthesis in Multi-Contrast MRI With Conditional
Generative Adversarial Networks. IEEE Trans. Med. Imaging 2019, 38, 2375-2388. [CrossRef] [PubMed]

Wang, T; Lei, Y,; Fu, Y.; Wynne, ].F,; Curran, W.J; Liu, T,; Yang, X. A review on medical imaging synthesis using deep learning
and its clinical applications. J. Appl. Clin. Med. Phys. 2021, 22, 11-36. [CrossRef] [PubMed]

Kuldoshbay, A.; Abdusalomov, A.; Mukhiddinov, M.; Baratov, N.; Makhmudov, E; Cho, Y.I. An improvement for the automatic
classification method for ultrasound images used on CNN. Int. J. Wavelets Multiresolution Inf. Process. 2022, 20, 2150054.

Treder, M.S.; Codrai, R.; Tsvetanov, K.A. Quality assessment of anatomical MRI images from generative adversarial networks:
Human assessment and image quality metrics. ]. Neurosci. Methods 2022, 374, 109579. [CrossRef]

Thambawita, V.; Salehi, P.; Sheshkal, S.A.; Hicks, S.A.; Hammer, H.L.; Parasa, S.; Riegler, M.A. SiInGAN-Seg: Synthetic training
data generation for medical image segmentation. PLoS ONE 2022, 17, €0267976. [CrossRef]

Salimans, T.; Goodfellow, 1].; Zaremba, W.; Cheung, V.; Radford, A.; Chen, X. Improved techniques for training GANs. In
Proceedings of the Advances in Neural Information Processing Systems 29 (NIPS 2016), Barcelona, Spain, 5-10 December 2016;
Volume 29.

Sharon, Z.; Mitchell, G.; Ranjay, K.; Austin, N.; Durim, M.; Michael, B. HYPE: Human eYe Perceptual Evaluation of Generative
Models. arXiv 2019, arXiv:1904.01121v4. [CrossRef]

Zhang, R.; Isola, P,; Efros, A.A.; Shechtman, E.; Wang, O. The Unreasonable Effectiveness of Deep Features as a Perceptual Metric.
In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 18-22 June 2018.
[CrossRef]

Woodland, M.; Wood, ].; Anderson, B.M.; Kundu, S.; Lin, E.; Koay, E.; Brock, K.K. Evaluating the Performance of StyleGAN2-ADA
on Medical Images. In Simulation and Synthesis in Medical Imaging. SASHIMI 2022. Lecture Notes in Computer Science; Zhao, C.,
Svoboda, D., Wolterink, J.M., Escobar, M., Eds.; Springer International Publishing: Cham, Switzerland, 2022; Volume 13570.
[CrossRef]

Goodfellow, I.; Pouget-Abadie, J.; Mirza, M.; Xu, B.; Warde-Farley, D.; Ozair, S.; Courville, A.; Bengio, Y. Generative adversarial
nets. In Proceedings of the Advances in Neural Information Processing Systems 27 (NIPS 2014), Montreal, QC, Canada, 8-13
December 2014; Volume 27.

Anuja, N.; Raj, J.; Noel, A.; Ruban, N.; Zhemin, Z.; Murugappan, M. RDA-UNET-WGAN: An Accurate Breast Ultrasound Lesion
Sigmentation Using Wasserstein Generative Adversarial Networks. Arab. . Sci. Eng. 2020, 45, 6399-6410.

Moghadam, A.Z.; Azarnoush, H.; Seyyedsalehi, S.A. Multi WGAN-GP loss for pathological stain transformation using GAN. In
Proceedings of the 2021 29th Iranian Conference on Electrical Engineering (ICEE), Tehran, Iran, 18-20 May 2021; pp. 927-933.
[CrossRef]

Armanious, K.; Jiang, C.; Fischer, M.; Kiistner, T.; Hepp, T.; Nikolaou, K.; Gatidis, S.; Yang, B. MedGAN: Medical image translation
using GANs. Comput. Med. Imaging Graph. 2020, 79, 101684. [CrossRef]

Yusuke, S.; Sayaka, S.; Hitoshi, K. Checkerboard artifacts free convolutional neural networks. APSIPA Trans. Signal Inf. Process.
2019, 8, €9. [CrossRef]

Ouyang, D.; He, B.; Ghorbani, A.; Lungren, M.P,; Ashley, E.A_; Liang, D.H.; Zou, ].Y. Echonet-dynamic: A large new cardiac
motion video data resource for medical machine learning. In Proceedings of the NeurIPS ML4H Workshop, Vancouver, BC,
Canada, 13 December 2019.

Mathiasen, A.; Hvilshoj, F. Backpropagating through Fréchet Inception Distance. arXiv 2020, arXiv:2009.14075.

Unterthiner, T.; Steenkiste, S.V.; Kurach, K.; Marinier, R.; Michalski, M.; Gelly, S. FVD: A new Metric for Video Generation. In
Proceedings of the ICLR 2019, New Orleans, LA, USA, 6-9 May 2019.

Jakhongir, N.; Abdusalomov, A.; Whangbo, T.K. 3D Volume Reconstruction from MRI Slices based on VTK. In Proceedings of the
2021 International Conference on Information and Communication Technology Convergence (ICTC), Jeju Island, Korea, 19-21
October 2021; pp. 689-692. [CrossRef]

Aljohani, A.; Alharbe, N. Generating Synthetic Images for Healthcare with Novel Deep Pix2Pix GAN. Electronics 2022, 11, 3470.
[CrossRef]

Dimitriadis, A.; Trivizakis, E.; Papanikolaou, N.; Tsiknakis, M.; Marias, K. Enhancing cancer differentiation with synthetic MRI
examinations via generative models: A systematic review. Insights Imaging 2022, 13, 188. [CrossRef] [PubMed]

Umirzakova, S.; Abdusalomov, A.; Whangbo, T.K. Fully Automatic Stroke Symptom Detection Method Based on Facial Features
and Moving Hand Differences. In Proceedings of the 2019 International Symposium on Multimedia and Communication
Technology ISMAC), Quezon City, Philippines, 19-21 August 2019; pp. 1-5.

Chen, RJ.; Lu, M.Y,; Chen, T.Y.; Williamson, D.EK.; Mahmood, F. Synthetic data in machine learning for medicine and healthcare.
Nat. Biomed. Eng. 2021, 5, 493-497. [CrossRef]

Emam, K.; Mosquera, L.; Hoptroff, R. Chapter 1: Introducing Synthetic Data Generation. In Practical Synthetic Data Generation:
Balancing Privacy and the Broad Availability of Data; O'Reilly Media, Inc.: Sebastopol, CA, USA, 2020; pp. 1-22.


http://doi.org/10.1109/TMI.2019.2901750
http://www.ncbi.nlm.nih.gov/pubmed/30835216
http://doi.org/10.1002/acm2.13121
http://www.ncbi.nlm.nih.gov/pubmed/33305538
http://doi.org/10.1016/j.jneumeth.2022.109579
http://doi.org/10.1371/journal.pone.0267976
http://doi.org/10.48550/arXiv.1904.01121
http://doi.org/10.48550/arXiv.1801.03924
http://doi.org/10.1007/978-3-031-16980-9_14
http://doi.org/10.1109/ICEE52715.2021.9544310
http://doi.org/10.1016/j.compmedimag.2019.101684
http://doi.org/10.1017/ATSIP.2019.2
http://doi.org/10.1109/ICTC52510.2021.9621022
http://doi.org/10.3390/electronics11213470
http://doi.org/10.1186/s13244-022-01315-3
http://www.ncbi.nlm.nih.gov/pubmed/36503979
http://doi.org/10.1038/s41551-021-00751-8

Sensors 2023, 23, 3440 20 of 20

56. Abdusalomov, A.B.; Safarov, F.; Rakhimov, M.; Turaev, B.; Whangbo, TK. Improved Feature Parameter Extraction from Speech
Signals Using Machine Learning Algorithm. Sensors 2022, 22, 8122. [CrossRef]

57. Islam, Z.; Abdel-Aty, M.; Cai, Q.; Yuan, J. Crash data augmentation using variational autoencoder. Accid. Anal. Prev. 2021, 151, 105950.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/s22218122
http://doi.org/10.1016/j.aap.2020.105950

	Introduction 
	Related Work 
	Image Generation Processes 
	The Working Principle of the GAN 
	GAN Architecture and Parameters 
	Dataset 
	Training the GAN Network and the Results 

	Proposed Evaluation Method 
	Problem Statement 
	Method Description 
	Experimental Results 
	New CNN-Based Evaluation Method 

	Discussion 
	Future Direction 
	Conclusions 
	References

