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Abstract. The development of generative models such as Generative Adversarial 
Networks (GAN) and their Conditional versions (cGAN) has opened up new possibilities 
in medical imaging. One of the key problems in the field of automated stroke diagnosis 
is the limited amount of available data, as well as the imbalance between the classes of 
normal and pathological images. In this paper, we propose an approach to synthesizing 
realistic CT images of the brain based on Conditional GAN, trained on normal/stroke 
datasets, for balancing tasks and generating additional examples. The technique includes 
an architecture with a conditional class label vector, an adapted discriminator with 
spectral normalization, differentiable augmentation (DiffAug), and an EMA update of 
the generator. The Fréchet Inception Distance (FID) metrics, spectral analysis, and a 
comparison of intensity histograms between synthetic and real images were used for 
quantitative assessment. The obtained FID value of 194.47 demonstrates a moderate 
similarity of feature distributions, which is visually and spectrally confirmed. The results 
show that the conditional GAN is able to reproduce the anatomical and textural features 
of CT images of the brain, preserving brightness distributions and spatial patterns. The 
presented approach can be used to expand training datasets in the development of early 
diagnosis systems for stroke and other brain pathologies, as well as an element of the 
preliminary phase in clinical research pipelines.
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Аннотация. Генеративті модельдердің, соның ішінде генеративті қарсы-
ластық желілердің (Generative Adversarial Networks, GAN) және олардың шартты 
нұсқаларының (Conditional GAN, cGAN) дамуы медициналық бейнелеу саласын-
да жаңа мүмкіндіктер ашты. Инсультті автоматтандырылған диагностикалаудағы 
негізгі мәселелердің бірі — қолжетімді деректер көлемінің шектеулілігі, сон-
дай-ақ қалыпты және патологиялық бейнелер кластары арасындағы теңгерім-
сіздік. Бұл жұмыста кластарды теңгеру және қосымша үлгілерді генерациялау 
мақсатында қалыпты жағдай мен инсультке қатысты деректер жиынтықтарын-
да оқытылған шартты GAN негізінде мидың шынайы КТ-бейнелерін синтездеу 
тәсілі ұсынылады. Ұсынылған әдістеме шартты класс белгісінің векторын қамти-
тын архитектураны, спектрлік нормализациясы бар бейімделген дискримина-
торды, дифференциалданатын аугментацияны (DiffAug), сондай-ақ генераторды 
экспоненциалды жылжымалы орташа (EMA) әдісі арқылы жаңартуды қамтиды. 
Сандық бағалау үшін Фреше қашықтығының (Fréchet Inception Distance, FID) 
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метрикасы, спектрлік талдау және синтетикалық әрі нақты бейнелердің қарқын-
дылық гистограммаларын салыстыру қолданылды. Алынған 194,47 FID мәні бел-
гілер үлестірімдерінің орташа деңгейдегі ұқсастығын көрсетеді, бұл визуалды 
және спектрлік талдау нәтижелерімен де расталады. Зерттеу нәтижелері шартты 
GAN мидың КТ-бейнелеріне тән анатомиялық және текстуралық ерекшеліктерді 
қайта жаңғырта алатынын, сондай-ақ жарықтықтың үлестірімдері мен кеңістіктік 
заңдылықтарды сақтайтынын көрсетті. Ұсынылған тәсіл инсультті және мидың 
басқа да патологияларын ерте диагностикалау жүйелерін әзірлеу кезінде оқытуға 
арналған деректер жиынтықтарын кеңейту үшін, сондай-ақ клиникалық зерттеу 
үдерістерінің бастапқы кезеңіндегі элемент ретінде қолданылуы мүмкін.

Түйінді сөздер: cGAN, генеративті қарсыластық желілер, мидың КТ-бей-
нелері, инсульт, синтетикалық деректер, FID, спектрлік талдау, медициналық бей-
нелеу, медицинадағы GAN, сапаны бағалау
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Аннотация. Развитие генеративных моделей, таких как генеративные со-
стязательные сети (Generative Adversarial Networks, GAN) и их условные версии 
(cGAN), открыло новые возможности в области медицинской визуализации. Од-
ной из ключевых проблем автоматизированной диагностики инсульта является 
ограниченный объём доступных данных, а также дисбаланс между классами нор-
мальных и патологических изображений. В данной работе предлагается подход к 
синтезу реалистичных КТ-изображений головного мозга на основе условной гене-
ративной состязательной сети (Conditional GAN), обученной на наборах данных с 
изображениями нормы и инсульта, для решения задач балансировки классов и ге-
нерации дополнительных примеров. Методика включает архитектуру с условным 
вектором метки класса, адаптированный дискриминатор со спектральной норма-
лизацией, дифференцируемую аугментацию (DiffAug), а также обновление гене-
ратора с использованием экспоненциального скользящего среднего (EMA). Для 
количественной оценки использовались метрики расстояния Фреше между рас-
пределениями признаков (Fréchet Inception Distance, FID), спектральный анализ 
и сравнение гистограмм интенсивности синтетических и реальных изображений. 
Полученное значение FID, равное 194,47, свидетельствует об умеренном сход-
стве распределений признаков, что подтверждается результатами визуального и 
спектрального анализа. Результаты показывают, что условная GAN способна вос-
производить анатомические и текстурные особенности КТ-изображений головно-
го мозга, сохраняя распределения яркости и пространственные закономерности. 
Представленный подход может применяться для расширения обучающих наборов 
данных при разработке систем ранней диагностики инсульта и других патологий 
головного мозга, а также использоваться в качестве элемента предварительного 
этапа в исследовательских клинических процессах.

Ключевые слова: cGAN, генеративные состязательные сети, КТ головно-
го мозга, инсульт, синтетические данные, FID, спектральный анализ, медицинская 
визуализация, GAN в медицине, оценка качества
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Introduction.
The development of generative models such as Generative Adversarial Networks 

(GAN) and their Conditional versions (cGAN) has opened up new possibilities in 
medical imaging. One of the key problems in the field of automated stroke diagnosis 
is the limited amount of available data, as well as the imbalance between the classes of 
normal and pathological images. In this paper, we propose an approach to synthesizing 
realistic CT images of the brain based on Conditional GAN, which was trained on 
normal/stroke datasets for balancing tasks and generating additional examples.

The technique includes an architecture with a conditional class label vector, 
an adapted discriminator with spectral normalization, differentiable augmentation 
(DiffAug), and an EMA update of the generator. The Fréchet Inception Distance (FID) 
metrics, spectral analysis, and a comparison of intensity histograms between synthetic 
and real images were used for quantitative assessment. The obtained FID value of 194.47 
demonstrates a moderate similarity in the distributions of features, which is confirmed 
visually and spectrally.

The results show that the conditional GAN is able to reproduce the anatomical and 
textural features of CT images of the brain, while maintaining brightness distributions 
and spatial patterns. The presented approach can be used to expand training datasets in 
the development of early diagnosis systems for stroke and other brain pathologies, as 
well as an element of the preliminary phase in clinical research pipelines.

Research on the use of Generative Adversarial Networks (GAN) in medical 
imaging has been actively developing in recent years. One of the first significant 
areas was to improve image quality and increase data with limited sets. Creswell et al. 
(Creswell et al., 2018) presented a systematic review of early GAN architectures and 
showed their potential in medical synthesis tasks.

Modifications of the basic GAN architecture, such as Pix2Pix (Isola et al., 2017) 
and CycleGAN (Zhu et al., 2017), have demonstrated successful image conversion 
between medical modalities — for example, from MRI to CT scan. (Armanious et al., 
2020) and (Kazuhiro et al., 2022) have shown that such approaches increase diagnostic 
accuracy with limited data.

Later, StyleGAN2 and Diffusion Models architectures began to be used for the 
synthesis of realistic tomographic images, especially in radiology and ophthalmology. 
For example, Zhang et al. (Zhang et al., 2023) used StyleGAN2 to generate anatomically 
reliable MRI brain sections, achieving FID < 100. Similarly, (Kim et al., 2022) applied 
diffusion models to generate cardiac MRI scans and showed superiority over GAN 
according to the SSIM metric.

The problem of class imbalance plays a special role in the classification of stroke. 
(Zhang et al., 2024) have shown that the use of synthetic data generated by GAN can 
improve the accuracy of stroke classifiers by 5–7 %. Similarly, (Ahmed et al., 2022) 
used cGAN to synthesize pathological MRI images and achieved an increase in the 
accuracy of the ResNet model from 83 % to 91 %.

Similar results were observed in segmentation tasks: (Schlegl et al., 2021) used 
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AnoGAN to identify anomalies in fundus images. (Li et al., 2023) proposed a combined 
cGAN+U-Net model for generating stroke foci in synthetic images.

Thus, the use of GAN technologies for medical imaging not only improves 
the performance of classifiers, but also opens up new approaches to the study of rare 
pathologies, where available data sets are limited.

The main metric used to quantify synthetic images is the Fréchet Inception 
Distance (FID) (Heusel et al., 2017). It measures the distance between the feature 
distributions of real and generated data in the feature space of the InceptionV3 network.

However, this indicator is not sufficient in medical imaging. Therefore, modern 
works complement FID with visual similarity and spectral analysis estimates. For 
example, (Sabnam et al., 2024) proposed using power spectrum density to analyze the 
textural properties of synthetic images. In the work of (Hwang et al., 2023). A combination 
of FID and structural metrics (SSIM, MMD) has been introduced, providing a more 
stable assessment.

Our research follows this paradigm, combining FID and spectral analysis 
methods to objectively and visually compare the realism of images.

Materials and methods.
The model used is based on the Conditional Generative Adversarial Network 

(cGAN) architecture (Mirza et al., 2014), in which the generator receives a random 
noise vector z  ℝⁿ and a class label y  {normal, stroke} as input. The generator 
is implemented as a sequence of upsampling blocks with bilinear interpolation and 
convolutional layers normalized using BatchNorm2d. To increase the stability of the 
generation, the EMA (Exponential Moving Average) averaging of the weights of the 
generator is used, which stabilizes learning.

The discriminator is based on the principle of projection discriminator (Miyato 
et al., 2018) with the addition of spectral normalization (SN) to ensure resistance to 
gradient fluctuations. The discriminator input is an image to which a vector of class 
features is concatenated.

The architecture is trained on 128x128 grayscale images. For regularization, 
Instance Noise (σ=0.05, decay=0.98) and Differentiable Augmentation (DiffAug) are 
used (Zhao et al., 2020).

The training was conducted using TTUR (Two-Time Update Rule) (Heusel et 
al., 2017), where the learning rates of the generator and discriminator differed (LR_
G=1e−4, LR_D=4e−4). The losses were calculated using the Binary Cross-Entropy with 
Logits function.

Each epoch included 63 iterations with a step ratio of G:D = 2:1. Label smoothing 
was used to smooth the labels (0.85–0.95 for real, 0.05–0.15 for fake). The training was 
conducted for 200 epochs.

We compute Fréchet Inception Distance (FID) on grayscale CTs by replicating 
the single channel to 3 channels and resizing to 299×299 before feeding Inception-V3 
(pool3) features with ImageNet normalization. For headline scores we use class-
balanced sampling (N_fake = 1000 per class) against the real set (N_real = 500; normal 
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310, stroke 190). Unless stated otherwise, results refer to this standardized protocol.
For training and validation, a composite data set was used containing 2501 CT 

images of the brain (in shades of gray, 650×650 pixels in size), collected from open 
sources: Kaggle («Brain Stroke CT Dataset»). The set was divided into three parts: train 
— 1801 image (1117 normal / 684 stroke), validation — 500 images (310 normal / 190 
stroke) and test — 200 images (124 normal / 76 stroke). To train cGAN, images from 
the training set were used, which went through the following stages of preprocessing: 
normalization of intensities to the range [-1, 1]; conversion to monochrome format (1 
channel); augmentations: random reflection, rotation, affine shifts, Gaussian blur.

Data were obtained from the public Kaggle Brain Stroke CT dataset. No patient-
identifying information is provided (de-identified). Where patient IDs were unavailable, 
we mitigated potential leakage by perceptual-hashing near-duplicate removal and by 
generating synthetic data only from the training split. The cGAN was trained solely on 
the training partition; validation/test images were never used to train the generator or 
the discriminator.

Dataset is distributed under the license specified by the Kaggle authors and used 
here strictly for non-commercial research; no personally identifiable information was 
present.

Figure 1 shows examples of images generated by cGAN at different learning 
epochs (50, 100, and 200).

As the number of epochs increases, there is a gradual formation of anatomically 
reliable brain contours and pathological areas characteristic of stroke.
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Fig. 1. Comparison of synthetic brain images generated by cGAN for the Normal and Stroke classes at 
different learning epochs (50, 100, 200). The upper rows (on the left) represent images of normal patients, the lower 

ones (on the right) represent stroke patients.

In the early stages (epoch 50), the images have blurred contours and unstable 
texture, but by epoch 100 a structural organization appears, and by 200 a clear 
correspondence to the shape of the ventricles and foci of ischemia.

FID and cFID metrics
Using the standardized protocol (Sec. 3.2), the final cGAN attains FID(all)=194.47, 

cFID_normal=209.07, and cFID_stroke=220.89 (Fig. 2A).
Figure 2B shows the evolution of FID during training for a single seed: the curve 

decreases from ≈543 at epoch 1 to ≈323 at epoch 200. Because Fig. 2B uses a single run, 
whereas Fig. 2A reports the standardized final-checkpoint evaluation with class-balanced 
sampling, the headline numbers used throughout the paper are those in Fig. 2A. To 
quantify the contribution of key stabilizers, we will disable each component in isolation 
and retrain under identical settings: (i) no DiffAug, (ii) no spectral normalization (SN), 
(iii) no EMA. Evaluation will follow the standardized protocol (Sec. 3.2) reporting
FID(all) and class-conditional cFID with K≥3 seeds (mean ± SD). This ablation will be
included in the next revision.

Together with the spectral and intensity-distribution analyses (Figs. 3–4), these 
results indicate that the generator captures low- and mid-frequency structure reasonably 
well, with a modest high-frequency deficit typical for medical GANs.

Table 1. FID and cFID under the standardized evaluation (Sec. 3.2).
Metrics Value
FID (all) 194.5
cFID (normal) 209.1
cFID (stroke) 220.9

The curves show a similar frequency distribution in the range of low and medium 
spatial frequencies, which indicates the proximity of textural characteristics. Minor 
deviations at high frequencies (small noise details) are explained by the generation of 
irregular boundaries in some synthetic stroke images.

A comparison of the dynamics of FID by epoch is shown in Figure 2.
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Fig. 2A. Overall and class-conditional FID.

 Evaluation with torch-fidelity (Inception-V3 pool3; grayscale→3-channel 
replication; 299×299; ImageNet normalization; class-balanced sampling with N_fake 
= 1000/class vs N_real = 500). Lower is better. Final scores: FID(all)=194.5, cFID_
normal=209.1, cFID_stroke=220.9.

Fig. 2B. FID vs. epoch (single seed). The curve goes from ≈543 (epoch 1) to ≈323 (epoch 200).

These are single-run values. Headline numbers in Fig. 2A (FID=194.5; 
cFID=209.1/220.9) come from the standardized evaluation (Sec. 3.2) with class-
balanced sampling and are used throughout the article.

All headline FID/cFID scores are reported for a single seed; a multi-seed mean 
± SD will be added in the next revision.

We will quantify the contribution of DiffAug, spectral normalization (SN), and 
EMA by disabling each component in isolation and re-training under identical settings, 
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reporting FID(all) and cFID per class with the standardized evaluation (Sec. 3.2). Multi-
seed (K≥3) mean ± SD will be provided.

Spectral analysis of the images was performed to analyze the textural reliability. 
Figure 3 shows a comparison of the Radial Power Spectrum between real and synthetic 
images.

Fig. 3. Average radial power spectrum for real and synthetic images.

A similar method has been used by other authors, for example, Sabnam et al. 
(Sabnam et al., 2024) have shown that spectral comparison can reveal hidden differences 
between synthetic and real medical images with close FID values.

Figure 4 shows examples of visual comparisons between real and synthetic brain 
images generated using the Conditional Generative Adversarial Network (cGAN). For 
clarity, two classes of data are shown: Normal (normal tomograms) and Stroke (images 
of stroke patients).

In synthetic data of the Normal class, homogeneous gray-level tones and a 
symmetrical hemisphere structure characteristic of a healthy brain are visually traced. 
In contrast, stroke – class hypo-/hyperdense areas, which are likely foci of ischemia or 
hemorrhage, which corresponds to the visual structure of real CT images.

Despite the fact that the generated images show a similarity in brightness and 
texture distribution to real data, upon closer examination, one can notice a slight blurring 
of the boundaries and smoothness of small vascular structures, which is typical for GAN 
models based on medical data (Zhang et al., 2023; Kazuhiro et al., 2022).

Thus, cGAN successfully reproduces key visual signs of pathologies, providing 
a sufficient degree of realism for use in data balancing tasks and pre-training neural 
networks for classification.



410

INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25). INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25).

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License

Fig. 4. Examples of comparing real and synthetic brain images (Normal/Stroke).

The upper images correspond to the Normal class, while the lower images 
correspond to the Stroke class.

Downstream augmentation experiment (protocol)
To assess practical utility of the synthetic data, we trained a standard compact 

CNN classifier on the same binary task (stroke vs normal). The model was trained 
from scratch on the training split (grayscale 128×128 inputs), using Adam(lr=1e−3, 
β₁=0.9, β₂=0.999), batch size=64, early stopping on validation AUC, and class-
weighted BCE to mitigate imbalance. We evaluated four settings: real-only (baseline) 
and real+synthetic with augmentation ratios r  {0.25, 0.5, 1.0} relative to the real 
minority class (stroke). Synthetic images were generated only from the training split 
to avoid leakage. Performance was measured on the held-out test set at patient level (if 
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patient IDs unavailable, near-duplicate removal and split integrity checks were applied), 
reporting AUC-ROC, AUC-PR, sensitivity, specificity, each with 95% bootstrap CIs 
(1000 resamples). Thresholds were selected on validation using the Youden J criterion. 
We will release scripts to reproduce training and evaluation. We will report ROC-AUC, 
PR-AUC, sensitivity and specificity with 95 % bootstrap CIs for r  {0.25, 0.5, 1.0} 
in the revised submission.

Results and discussion. 
The experimental results showed that the proposed Conditional GAN model is 

capable of forming realistic images of the brain, visually and statistically close to the 
original data. The key metric for quantification was the Fréchet Inception Distance (FID), 
whose value was ≈194, which corresponds to the level of visual similarity acceptable 
for generating medical images of medium complexity (see similar values in (Choi et al., 
2022; Sanchez-Torres et al., 2023)).

Alongside FID, we compare radial spectra and intensity histograms (see Figures 
3–4), which align more directly with medical textures. The primary quantitative metric is 
the Fréchet Inception Distance (FID ≈ 194 under the standardized evaluation), supporting 
moderate realism for mid-frequency structure while revealing a high-frequency deficit 
typical of medical GANs.

Small deviations in the high frequency spectrum indicate excessive smoothing 
of small details, an effect associated with the limited size of the training sample.

The model showed particularly good quality in the Normal class, where brain 
textures and contours are restored with high confidence, while for the Stroke class there 
is a greater variation in FID (≈220.9). This is due to the high intra-class variability 
of stroke pathologies (ischemic and hemorrhagic types, different sizes of foci), which 
makes it difficult to generate universal signs (Sinha et al., 2022; Yang et al., 2024).

From a practical point of view, the use of generated images makes it possible 
to significantly balance training samples and increase the stability of classifiers in the 
diagnosis of stroke by CT. In particular, the pre-training of neural networks on synthetic 
data has already shown a 2–4 % increase in classification accuracy in similar studies 
(Ali et al., 2023; Li et al., 2024). However, it is important to note several limitations: 
the limited size of the dataset (2501 images), the absence of color and multi-level 
masks (grayscale only), and the high sensitivity of the GAN to class imbalance and 
regularization parameters.

To overcome these limitations, the use of hybrid models combining the 
advantages of Diffusion Models and VAE-GAN for more accurate modeling of medical 
textures may be a promising direction (Karras et al., 2021; Rombach et al., 2022).

Limitations and clinical validation
Our study prioritizes visual/statistical fidelity over clinical utility; FID relies on 

natural-image features, hence we complement it with spectra and intensity distributions. 
Limitations include a modest dataset size, grayscale inputs without volumetric context, 
and sensitivity of GANs to class imbalance and regularization. For clinical validation we 
plan (i) multi-seed ablations, (ii) DCGAN/StyleGAN2 baselines on the same split and 
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license-compliant protocol, and (iii) a downstream classifier evaluation (real-only vs 
real+synthetic) with ROC-/PR-AUC and operating-point analysis (95% CIs), ensuring 
split integrity and no leakage.

Conclusion.
This paper presents an experimental study on the use of Conditional GAN for 

brain image synthesis, aimed at expanding and balancing medical datasets for stroke 
diagnosis. The quantitative (FID, spectral analysis, intensity histograms) and qualitative 
(visual) evaluation showed that the model is capable of forming realistic images that are 
close in structure and texture to real data.

The results confirm the potential of using generative models in medicine, 
especially for data augmentation tasks where access to real medical data is limited.

Further work will focus on integrating Diffusion-based GAN, improving color 
detail, and subsequent clinical validation of synthetic data in collaboration with radiology 
experts.
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