
360
Digital DiagnosticsVol. 6 (3) 2025

Article can be used under the CC BY-NC-ND 4.0 International License
© Eco-Vector, 2025

DOI: https://doi.org/10.17816/DD643532	 EDN: JRXXMQ

Predicting High Proliferative Ki-67 Index in Patients 
With Adrenocortical Carcinoma Based on Texture Analysis 
of Contrast-Enhanced Computed Tomography Images: 
A Cross-Sectional Study
Almaz V. Manaev1,2, Natalia V. Tarbaeva1, Anna A. Roslyakova1, Dmitry G. Beltsevich1, 
Liliya S. Urusova1, Natalia G. Mokrysheva1, Valentin E. Sinitsyn3,4

1 Endocrinology Research Centre, Moscow, Russia; 
2 National Research Nuclear University “MEPhI”, Moscow, Russia; 
3 Lomonosov Moscow State University, Moscow, Russia; 
4 Research and Practical Clinical Center for Diagnostics and Telemedicine Technologies, Moscow, Russia 

ABSTRACT
BACKGROUND: Adrenocortical carcinoma is characterized by a high risk of aggressive disease progression and limited 
effectiveness of available treatment. Therefore, early diagnosis and assessment of its potential development are crucial. 
Although computed tomography is highly accurate in detecting the structural characteristics of tumors, its ability to predict 
adrenocortical carcinoma progression is unclear.
AIM: This study aimed to evaluate the accuracy of using texture analysis of contrast-enhanced computed tomography images 
in predicting a high index of proliferative activity (Ki-67) in patients with adrenocortical carcinoma.
METHODS: The study examined four-phase contrast-enhanced computed tomography images of patients with histologically 
verified adrenocortical carcinoma (retrospective part) and reevaluated these images (prospective part). Computed tomography 
image analysis included labeling a tumor lesion, assessing and post-processing texture features, decreasing dimensions, 
and performing a cluster analysis to evaluate the  discriminatory ability of computed tomography texture parameters. 
The predictive accuracy of texture analysis of computed tomography images was assessed based on its ability to identify 
increased proliferative activity (KI-67  >  10%). The index was derived from the results of immunohistopathological testing 
of adrenal tissue samples obtained during surgery.
RESULTS: Texture analysis of contrast-enhanced computed tomography images of 24 patients with histologically diagnosed 
adrenocortical carcinoma was performed: Ki-67 ≤ 10% in 9 patients and Ki-67 > 10% in 15 patients. The analysis revealed 
a statistically significant association (p  = 0.015, Fisher’s exact test) between two fuzzy clusters based on texture features 
and the Ki-67 classification of patients with adrenocortical carcinoma. These results indicate the ability to predict high 
proliferative activity with a 0.05 level of significance.
CONCLUSION: Texture analysis of contrast-enhanced computed tomography images of patients with adrenocortical carcinoma 
enables noninvasive assessment of tumor progression risk following surgical removal.
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АННОТАЦИЯ
Обоснование. Адренокортикальный рак отличается высоким риском агрессивного течения и ограниченной эффектив-
ностью доступных методов лечения. Именно поэтому принципиальное значение имеет ранняя диагностика заболева-
ния и определение потенциала его развития. Компьютерная томография обеспечивает высокую точность выявления 
структурных характеристик опухоли, однако прогностическое значение метода в отношении прогрессирования адре-
нокортикального рака остаётся не изученным.
Цель исследования. Изучить точность предсказания высокого индекса пролиферативной активности Ki-67 у пациен-
тов с адренокортикальным раком методом текстурного анализа изображений компьютерной томографии с контраст-
ным усилением.
Методы. Выполнено ретроспективное исследование в части проведения компьютерной томографии, проспектив-
ное  — в части повторного анализа изображений четырёхфазной компьютерной томографии с контрастным усиле-
нием пациентов с гистологически верифицированным адренокортикальным раком. Анализ изображений компьютер-
ной томографии включал разметку области опухоли, вычисление текстурных признаков, их постобработку, процедуру 
уменьшения размерности и проведение кластерного анализа с оценкой дискриминантной способности текстурных 
показателей изображений компьютерной томографии. Предсказательную точность текстурного анализа изображений 
компьютерной томографии оценивали на основе способности метода идентифицировать повышенную пролифера-
тивную активность (индекс Ki-67 >10%). Значение индекса устанавливали по результатам иммуногистохимического 
исследования образцов ткани надпочечника, полученных во время операции.
Результаты. Текстурный анализ изображений компьютерной томографии с контрастным усилением выполнен у 24 па-
циентов с гистологически верифицированным адренокортикальным раком: у 9 индекс Ki-67 ≤10%, у 15 — >10%. 
Анализ продемонстрировал статистически значимую связь (p=0,015, точный тест Фишера) между двумя кластерами, 
сформированными методом нечёткой кластеризации K-средних на основе текстурных признаков, и классификацией 
пациентов с адренокортикальным раком по уровню Ki-67, что подтверждает возможность прогнозирования высокого 
индекс пролиферативной активности при уровне значимости 0,05.
Заключение. Текстурный анализ изображений компьютерной томографии с контрастным усилением пациентов 
с адренокортикальным раком позволяет проводить неинвазивную оценку риска его прогрессирования после хирурги-
ческого удаления опухоли.

Ключевые слова: компьютерная томография; адренокортикальный рак; индекс пролиферации Ki-67; радиомика; 
текстурный анализ; кластерный анализ.

Как цитировать:
Манаев А.В., Тарбаева Н.В., Рослякова А.А., Бельцевич Д.Г., Урусова Л.С., Мокрышева Н.Г., Синицын В.Е. Предсказание высокого пролиферативного 
индекса Ki-67 у пациентов с адренокортикальным раком на основе текстурного анализа изображений компьютерной томографии с контрастным 
усилением: одномоментное исследование // Digital Diagnostics. 2025. T. 6, № 3. C. 360–372. DOI: 10.17816/DD643532 EDN: JRXXMQ

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ

Рукопись получена: 28.12.2024	 Рукопись одобрена: 03.07.2025	 Опубликована online: 26.08.2025

https://creativecommons.org/licenses/by-nc-nd/4.0/deed.ru
https://doi.org/10.17816/DD643532
https://elibrary.ru/jrxxmq
https://doi.org/10.17816/DD643532
https://elibrary.ru/jrxxmq


362

Article can be used under the CC BY-NC-ND 4.0 International License
© Eco-Vector, 2025

Original Study Article Digital DiagnosticsVol. 6 (3) 2025

DOI: https://doi.org/10.17816/DD643532	 EDN: JRXXMQ

基于增强计算机断层扫描影像纹理分析预测肾上腺皮质癌患
者高Ki-67增殖指数：一项横断面研究
Almaz V. Manaev1,2, Natalia V. Tarbaeva1, Anna A. Roslyakova1, Dmitry G. Beltsevich1, 
Liliya S. Urusova1, Natalia G. Mokrysheva1, Valentin E. Sinitsyn3,4

1 Endocrinology Research Centre, Moscow, Russia; 
2 National Research Nuclear University “MEPhI”, Moscow, Russia; 
3 Lomonosov Moscow State University, Moscow, Russia; 
4 Research and Practical Clinical Center for Diagnostics and Telemedicine Technologies, Moscow, Russia 

摘要摘要

论证：论证：肾上腺皮质癌具有高度侵袭性，且现有治疗手段效果有限。因此，疾病的早期诊断和

进展潜能的评估具有关键意义。计算机断层扫描在揭示肿瘤结构特征方面具有较高准确性，

但其在预测肾上腺皮质癌进展中的预后价值尚未得到充分研究。

目的：目的：探讨增强计算机断层扫描影像纹理分析在预测肾上腺皮质癌患者高Ki-67增殖指数方

面的准确性。

方法：方法：在计算机断层扫描检查部分为回顾性研究，在四期增强计算机断层扫描影像复评部分

为前瞻性研究，纳入经组织学证实的肾上腺皮质癌患者。计算机断层扫描影像的分析内容包

括肿瘤区域的勾画、纹理特征的计算及其后处理、降维处理，以及聚类分析，并对计算机

断层扫描影像纹理指标的判别能力进行评估。通过评估该方法识别高增殖活性（Ki-67指数

>10%）的能力，来判断增强计算机断层扫描影像纹理分析的预测准确性。指数的数值依据术

中切取的肾上腺组织样本的免疫组化检测结果确定。

结果：结果：在24例经组织学证实的肾上腺皮质癌患者中进行了增强计算机断层扫描影像纹理分

析：其中9例Ki-67指数≤10%，15例 >10%。分析结果显示，由基于纹理特征的模糊K-均值

聚类形成的两个簇，与患者按Ki-67水平分组的分类之间存在统计学显著相关性（p=0.015， 

Fisher精确检验），这证实了该方法在显著性水平0.05下预测高增殖活性指数的可行性。

结论：结论：基于增强计算机断层扫描影像的纹理分析可用于对肾上腺皮质癌患者在肿瘤切除术后

的进展风险进行无创性评估。

关键词：关键词：计算机断层扫描；肾上腺皮质癌；Ki-67增殖指数；影像组学；纹理分析；聚类分

析。
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BACKGROUND
Adrenocortical carcinoma (ACC) is a rare malignant tumor 

of the adrenal cortex, typically characterized by an aggressive 
clinical course and an unfavorable prognosis [1]. The overall 
5-year survival is 60%–80% for tumors confined to the adrenal 
gland, 35%–50% for locally advanced disease, and less 
than 28% for metastatic disease  [2]. Rare cases of a more 
favorable, indolent disease course with slow progression 
and late metastasis have been described. The only potentially 
curative treatment option for ACC is timely surgical 
resection of the tumor. The urgency of surgical intervention 
is associated with rapid tumor growth and the high likelihood 
of metastasis [1, 2].

ACC is characterized by marked variability in morphological 
features (classical, oncocytic, myxoid, and sarcomatoid 
variants), proliferative activity, clinical course, response 
to therapy, as well as in overall and recurrence-free survival 
associated with these factors [1–3]. The heterogeneity of ACC 
underlies the  difficulty of predicting the disease course 
and selecting optimal therapeutic strategies [4]. One of the key 
predictors of ACC recurrence is the Ki-67 proliferation index. 
At Ki-67 values >10%, the probability of ACC recurrence, even 
after adequate resection with negative margins (R0 resection), 
is at least 80%. With Ki-67 ≤10%, the prognosis is more 
favorable, and adjuvant chemotherapy is not indicated  [1]. 
Ahmed et al. [5] evaluated the correlation between the Ki-67 
proliferation index and texture features of contrast-enhanced 
computed tomography (CT) images in 53 patients with ACC. 
The authors demonstrated that the tumor geometric features 
of elongation and flatness discriminate ACC cases with high 
(Ki-67 >10%) and low (Ki‑67 ≤10%) proliferation indices, 
with areas under the receiver operating characteristic 
curve (AUC-ROC) of 0.70 and 0.78, respectively. In addition, 
the multivariate linear regression model yielded the following 
parameters: coefficient of determination R2  =  0.67, adjusted 
R2  =  0.462, and Pearson correlation coefficient r = 0.824. 
Significant features included shape elongation, shape flatness, 
gray level co-occurrence matrix (GLCM) cluster shade, 
gray level run length matrix (GLRLM) long run emphasis, 
interquartile range of attenuation values distribution, 
neighboring gray tone difference matrix (NGTDM), and gray 
level size zone matrix (GLSZM). Several other studies have 
examined the accuracy of texture analysis and deep learning 
methods for the binary classification of adrenal lesions 
of indeterminate CT phenotype according to malignancy 
criteria  [6–8]. However, the  results of these studies remain 
preliminary, and the work by Tucci et al. [8], which employed 
a neural network model and radiomics, was published only 
as conference proceedings. Therefore, the model architecture, 
its parameters, and the characteristics of the study cohort 
remain unclear. Nevertheless, contrast-enhanced CT, owing 
to its higher spatial resolution compared with other imaging 
modalities, represents an accessible and informative method 
for the detection of ACC [1, 2].

AIM
To evaluate the accuracy of predicting a high Ki-67 

proliferation index in patients with ACC using radiomics‑based 
texture analysis of contrast-enhanced CT images.

METHODS

Study Design
A single-center, non-comparative, cross-sectional, 

retrospective study was conducted with respect to CT 
acquisition, and a prospective study with respect to repeat 
analysis of CT images.

Study Setting
The study included data from patients registered 

in the medical information system of the National Medical 
Research Center for Endocrinology named after Academician 
I.I.  Dedov (Moscow) between April 2014 and October 
2024. To identify eligible cases within the information 
system, an initial search was performed to compile 
a list of all patients who had undergone surgical treatment 
for a malignant neoplasm of the adrenal gland (code C74.0 
of the International Classification of Diseases, 10th Revision) 
in the Surgical Department of the National Medical 
Research Center for Endocrinology. During the study 
period, CT examinations were performed in the Department 
of Computed Tomography and Magnetic Resonance Imaging, 
and immunohistochemical examinations were conducted 
in the Department of Pathomorphology of the same center.

Eligibility Criteria
Inclusion criteria:

•	 Histologically confirmed diagnosis of ACC;
•	 Availability of preoperative four-phase contrast-enhanced 

CT images of the abdominal organs obtained no more 
than 1 month prior to surgical intervention (non-contrast, 
arterial, venous, and delayed phases).
Exclusion criteria: presence of artifacts in the adrenal 

region on CT images (motion artifacts, ring artifacts).

Computed Tomography Acquisition
The study included images obtained using the following 

CT scanners:
•	 Optima® CT660 (GE HealthCare, USA) in use from 2015 

to the present;
•	 Revolution® CT (GE HealthCare, USA) in use from 2019 

to the present; and
•	 BrightSpeed® 16 (GE HealthCare, USA) used in 2014.

The CT scanner and image reconstruction parameters 
are presented in Table 1. Medrad Stellant® (Bayer, Germany) 
with a dual-syringe automatic injector at an injection 
rate of 3.5–4  mL/s was used for contrast enhancement 
throughout the data acquisition period. The arterial phase was 
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acquired 10 s after triggering of the bolus tracker positioned 
in the descending aorta at the level of the diaphragm 
(120 HU), the venous phase at 30  s after bolus triggering, 
and the delayed phase at 10–15  min after contrast agent 
administration.

Computed Tomography Image Analysis

Image Segmentation
Preoperative CT images were exported from the Picture 

Archiving and Communication System (PACS) to a personal 
computer in DICOM (Digital Imaging and Communications 
in Medicine) format. Prior to processing, all data were 
anonymized, i.e., any information enabling patient 
identification such as name, date of birth, identification 
number, or date of examination, was removed. Regions 
corresponding to adrenal lesions were manually segmented 
by radiologists (with more than 5 years of professional 
experience) using the 3D Slicer® software package, version 
5.6.2 (Slicer Community, USA), separately for each scanning 
phase. Segmentation files were saved in DICOM format 
together with the original CT images. Re-analysis was blind, 
without access of the radiologists to clinical information, 

including previous CT findings and laboratory data 
(except for the most recent data obtained before surgery).

Texture Analysis of Images
CT images together with segmentation files were exported 

to the PyRadiomics® platform, version 3.1.0 (Computational 
Imaging & Bioinformatics Lab, USA). No additional filters 
were used for image analysis. After resampling to an isotropic 
voxel size of 1 × 1 × 1 mm in 3D, 106 features belonging 
to seven feature classes were determined for each image 
(each CT phase):
•	 First order statistics: 18 features;
•	 Shape-based: 14 features;
•	 Gray Level Co-occurrence Matrix (GLCM): 23 features;
•	 Gray Level Run Length Matrix (GLRLM): 16 features;
•	 Neighboring Gray Tone Difference Matrix (NGTDM): 

5 features;
•	 Gray Level Dependence Matrix (GLDM): 14 features; and
•	 Gray Level Size Zone Matrix (GLSZM): 16 features.

Feature extraction was performed within a Hounsfield 
unit window corresponding to the abdominal imaging 
protocol  [−160; 240] HU. All other image preprocessing 
parameters (normalization, interpolation algorithm, presence 

Table 1. Parameters of computed tomography and image reconstruction

Parameter
Scanning phase

Non-contrast Arterial Venous Delayed

Optima® CT660 (GE HealthCare, USA)

Tube voltage, kV 120, 100 120, 100 120, 100 120, 100

Tube current, mA
automatic modulation

380, 390, 410, 480
automatic modulation

380, 400
automatic modulation

335, 390, 400
automatic modulation

250

Exposure, mA×s
9, 14, 18, 19, 20, 22, 24, 25, 

26, 28
4, 5, 6, 7, 8, 9 3, 5, 6, 7, 8, 9 3, 5, 7, 8, 9, 12, 20

Slice spacing, mm 0.625 0.625 0.625 0.625

Slice thickness, mm 1.25 1.25 1.25 1.25

Reconstruction kernel Standard Standard Standard Standard

Revolution® CT (GE HealthCare, USA)

Tube voltage, kV 100, 120 100, 140 140 140

Tube current, mA
automatic modulation

100, 120
automatic modulation

100, 240, 405, 485
automatic modulation

240, 405, 485
automatic modulation

240, 320, 485

Exposure, mA×s 1, 2, 3 1, 2, 4, 5 2, 4, 9, 10 2, 3, 4, 6

Slice spacing, mm 0.625 0.625 и 1.25 1.25 1.25

Slice thickness, mm 0.625 0.625 и 1.25 1.25 1.25

Reconstruction kernel Standard Standard Standard Standard

BrightSpeed® 16 (GE HealthCare, USA)

Tube voltage, kV 120 120 120 120

Tube current, mA 400 380 380 380

Exposure, mA×s 28 27 27 27

Slice spacing, mm 1.25 1.25 1.25 1.25

Slice thickness, mm 1.25 1.25 1.25 1.25

Reconstruction kernel Standard Standard Standard Standard
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of threshold-based segmentation for region-of‑interest 
refinement, etc.) were left at their default values in accordance 
with the PyRadiomics module settings [9].

Predicted Outcome
A >10% Ki-67 proliferation index was used to assess 

the predictive accuracy of CT image texture analysis. 
The 10% threshold was selected based on its clinical 
significance and its use for discriminating tumors with low 
and high proliferative activity, which determines prognosis 
and therapeutic strategy in patients with ACC [1].

Sections stained with hematoxylin and eosin using 
standard techniques were prepared from histologic ACC 
specimens obtained during surgical treatment at the National 
Medical Research Center for Endocrinology. Standard adrenal 
tissue processing was performed using a Leica® ASP6025 S 
tissue processor (Leica Biosystems, Germany), followed 
by paraffin embedding.

Midline sections were prepared using a Leica® RM 2125 RTS 
microtome (Leica Biosystems, Germany) and, 
after deparaffinization, stained with hematoxylin and eosin 
on a Leica® ST5010 AXL stainer (Leica Biosystems, Germany).

Histologic evaluation of adrenal pathology slides was 
performed by light microscopy using a  Leica®  DM2500 
microscope (Leica Microsystems, Germany) and computerized 
morphometry with Aperio® ImageScope software (Leica 
Microsystems, Germany).

All adrenocortical tumors were assessed by the following 
pathological criteria:
•	 Tumor size and weight;
•	 Nuclear polymorphism;
•	 Mitotic count in 10 high-power fields at ×400 magnification;
•	 Tumor cell cytoplasm (0%–25% vs 26%–100% clear) 

and growth pattern (diffuse vs non-diffuse); and
•	 Presence or absence of atypical mitoses, necrosis, 

and definite capsular, venous, sinusoidal, and adjacent 
organ invasion.
Tumor malignant potential was evaluated using 

the Weiss score. In the case of oncocytic adrenal neoplasms, 
characterized by granular and intensely eosinophilic 
cytoplasm, marked nuclear polymorphism, and diffuse 
growth pattern, the modified scoring Lin–Weiss–Bisceglia 
system was applied. All adrenocortical carcinomas in this 
study met ≥4 Weiss histological criteria [10].

Mitotic rate was determined by counting 50 high-power 
fields (×400) using the Leica® DM2500 microscope (Leica 
Microsystems, Germany). Selected areas of the slides 
contained the highest density of mitotic figures. Each set 
of 10 high-power fields was counted on different slides 
whenever possible.

Tumor architecture was defined as diffuse when more 
than 33% of its cell layers lacked a characteristic growth 
pattern.

Vessels lined by endothelium and incorporating a muscular 
wall were considered veins, whereas sinusoids were defined 

as vessels with an endothelial lining and minimal supporting 
tissue. Venous or sinusoidal invasion was recorded when 
tumor cells were identified within the lumen of such vessels 
adjacent to the vessel wall, both inside and outside the adrenal 
tumor. Capsular invasion was defined as complete tumor 
penetration through the surrounding capsule.

Immunohistochemical assay was performed 
on a fully automated Leica® Bond III staining system 
(Leica Microsystems, Germany) according to the standard 
protocols recommended by the manufacturer. Anti–Ki‑67 
monoclonal antibodies (MIB-1 at 1:150 dilution; Dako, 
Denmark) were used for the  immunohistochemical assay. 
Tumor cell proliferative activity (Ki-67) was assessed visually 
in 10 high-power fields at ×400 magnification. The value was 
determined as the percentage of positively stained tumor cell 
nuclei in areas with the highest labeling activity (hot spots). 
The immunohistochemical methodology remained unchanged 
throughout the study period.

Group Analysis
The patients were divided into two groups based 

on the Ki‑67 index value:
•	 Group 1: Ki-67 ≤10%; or
•	 Group 2: Ki-67 >10%.

Ethics Approval
The study protocol was approved by the Local Ethics 

Committee of the National Medical Research Center 
for Endocrinology named after Academician I.I.  Dedov 
(Minutes No. 20 dated November 13, 2024). All patients, when 
seeking medical care at the Center, provided informed consent 
for the use of the results of examinations and treatment 
for scientific purposes.

Statistical Analysis
Sample size calculation: The required sample size was 

not calculated at the study planning stage.
Missing data: When forming the study sample, it was 

found that all patients included in the analysis after confirmed 
compliance with the inclusion and exclusion criteria had 
a complete set of required data. No  cases of missing data 
were identified.

Statistical methods: Python, version 3.9.21, was used 
for data analysis.

Data for continuous variables (age at the time  
of contrast‑enhanced CT  [years]; maximum linear size 
of the adrenal lesion on CT [mm]; CT attenuation values by phase 
in Hounsfield units [HU]; Ki-67 index value [%]) are presented 
as M ± SD, where M is arithmetic mean and SD is standard 
deviation. For comparison of patient groups by categorical 
variables, Fisher’s exact test was used; for continuous 
variables, the Mann–Whitney U test was applied.

Post-processing of texture features included 
standardization and selection of the most informative 
features. Standardization was performed by sample mean 
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centering (subtracting the overall sample mean value of each 
feature from each feature value) and scaling by the standard 
deviation (dividing the result of mean subtraction for each 
feature value by the overall sample standard deviation). 
Prior to selecting the most significant features, normality 
of distribution was assessed using the Shapiro–Wilk test. 
When p  <  0.05, the two-sided Mann–Whitney U  test was 
used to compare groups 1 and 2. When the Shapiro–Wilk 
test did not reveal significant deviation from normality 
(p ≥ 0.05), the two-sided Student t-test was applied. Features 
demonstrating significant between-group differences were 
used for cluster analysis.

The applicability of CT texture features for differentiating 
between groups 1 and 2 was evaluated using cluster analysis 
with the fuzzy K-means algorithm. This method allows 
assessment of whether the data naturally separate into groups 
and whether an internal structure exists corresponding 
to biologically meaningful subgroups [11]. The fuzzy K-means 
clustering method was chosen for its ability to determine 
the probability of membership in a given cluster for each 
point in principal component space. The feature space 
for clustering was formed after dimensionality reduction 
using principal component analysis, which was also applied 
to eliminate correlated features and to extract the most 
informative components. The number of principal components 
was determined based on the proportion of explained 
variance and the feasibility of visual interpretation, retaining 
components that together explained at least 90% of the total 
variance. The cluster analysis included the following steps:
•	 Formation of the feature matrix after preprocessing;
•	 Application of the fuzzy K-means algorithm with iterative 

refinement of cluster centers; and
•	 Evaluation of the resulting distribution of observations 

across clusters and interpretation of the  identified 
groups in terms of their correspondence to the original 
classification by Ki-67 index value.
The analysis was based on the assumption that 

the principal patterns in the data can be expressed as linear 
combinations of the original features. Clustering was 
performed under the assumption that differences in CT image 
features may reflect boundaries between groups with different 
levels of tumor proliferative activity.

RESULTS

Study Sample Formation
Between 2014 and 2024, surgical removal 

of malignant adrenal tumors was performed in 51 patients 
in the Department of Surgery of the National Medical 
Research Center for Endocrinology. Pathological verification 
of the diagnosis was obtained in  42 cases, among which 
contrast-enhanced CT images were available for 31 patients. 
One patient was excluded due to pronounced adrenal region 
artifacts on CT images, and six patients were excluded 
because of the absence of immunohistochemical study 
results. Consequently, data from 24 patients with ACC were 
included in the final analysis:
•	 Group 1: Ki-67 index ≤ 10% (n = 9);
•	 Group 2: Ki-67 index > 10% (n = 15).

Characteristics of Study Groups
According to contrast-enhanced CT performed using 

Optima® CT660 (GE HealthCare, USA) in 10  patients, 
Revolution®  CT (GE  HealthCare, USA) in 13  patients, 
and BrightSpeed®  16 (GE  HealthCare, USA) in 1 patient, 
the maximum contrast enhancement was observed 
in the  venous phase, followed by  moderate 
washout  in the delayed phase (Table 2). Patients in groups 
1 and 2 were comparable with respect to  sex, age, 
and most adrenal lesion parameters, except for  venous-
phase attenuation, which was significantly higher in group 
1 (Table 2).

Primary Results
With the Shapiro–Wilk test, the data of 71 features (67%) 

extracted from CT images of patients with ACC followed 
a normal distribution. These features were therefore 
compared between groups using the  Student t-test. 
The Mann–Whitney U test was applied in all remaining cases. 
The features significant for the purposes of this study are 
presented in Table 3. The venous phase of contrast-enhanced 
CT proved to be the most informative for quantitative analysis. 
Subsequent dimensionality reduction of the feature space 
allowed the identification of three principal components, 

Table 2. Comparative characteristics of patients in the groups
Parameter Group 1, n = 9 Group 2, n = 15 р

Male sex, n (%) 4 (44) 4 (27) 0.412

Age, years 41.4 ± 15.2 47.1 ± 14.3 0.220

Adrenal lesion characteristics

Maximum linear size, mm 73.9 ± 29.8 92.4 ± 28.9 0.152

Attenuation in non-contrast phase, HU 34.6 ± 5.4 34.5 ± 5.5 0.787

Attenuation in arterial phase, HU 63.6 ± 16.9 53.5 ± 11.9 0.160

Attenuation in venous phase, HU 93.7 ± 26.7 68.9 ± 13.2 0.027

Attenuation in delayed phase, HU 57.9 ± 10.6 53.7 ± 4.5 0.339
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Table 4. Significant texture features and their interpretation

Feature group Feature names Interpretation

First-order features

•	 firstorder_10Percentile;
•	 firstorder_90Percentile; 
•	 firstorder_Mean; 
•	 firstorder_Median; 
•	 firstorder_RootMeanSquared

Describe the distribution of voxel attenuation values within the region 
of interest without considering their spatial arrangement, corresponding 
to a qualitative characteristic such as mean attenuation

Gray level co-
occurrence matrix–
based features

•	 glcm_Autocorrelation; 
•	 glcm_SumAverage

Quantitatively assess spatial tissue heterogeneity by considering 
the relative positions of voxels, corresponding to qualitative characteristics 
such as homogeneous structure (increase in glcm_Autocorrelation) 
and predominance of pairs of hyperdense voxels (increase in glcm_SumAverage)

Gray level 
dependence matrix–
based features

•	 gldm_HighGrayLevelEmphasis; 
•	 gldm_LargeDependenceLowGrayLevelEmphasis; 
•	 gldm_LowGrayLevelEmphasis; 
•	 gldm_SmallDependenceHighGrayLevelEmphasis

Quantitatively assess the size and attenuation of homogeneous  
zones in the image texture, corresponding to qualitative  
characteristics of hypodense regions  
(increase in gldm_LargeDependenceLowGrayLevelEmphasis,  
gldm_LowGrayLevelEmphasis) and hyperdense inclusions  
(increase in gldm_SmallDependenceHighGrayLevelEmphasis,  
gldm_HighGrayLevelEmphasis)

Gray level run length 
matrix–based 
features

•	 glrlm_HighGrayLevelRunEmphasis;
•	 glrlm_LongRunHighGrayLevelEmphasis;
•	 glrlm_LongRunLowGrayLevelEmphasis;
•	 glrlm_LowGrayLevelRunEmphasis;
•	 glrlm_ShortRunHighGrayLevelEmphasis;
•	 glrlm_ShortRunLowGrayLevelEmphasis

Quantitatively assess the length and attenuation of linear homogeneous 
regions (runs of consecutive voxels with the same attenuation) in the image 
texture, corresponding to qualitative characteristics of homogeneous 
hyperdense regions (increase in glrlm_HighGrayLevelRunEmphasis, 
glrlm_LongRunHighGrayLevelEmphasis), homogeneous hypodense regions 
(increase in glrlm_LongRunLowGrayLevelEmphasis,  
glrlm_LowGrayLevelRunEmphasis), small hyperdense inclusions  
(increase in glrlm_ShortRunHighGrayLevelEmphasis), and small hypodense 
inclusions (increase in glrlm_ShortRunLowGrayLevelEmphasis)

Gray level size 
zone matrix–based 
features

•	 glszm_HighGrayLevelZoneEmphasis;
•	 glszm_LargeAreaLowGrayLevelEmphasis;
•	 glszm_LowGrayLevelZoneEmphasis;
•	 glszm_SmallAreaHighGrayLevelEmphasis;
•	 glszm_SmallAreaLowGrayLevelEmphasis

Quantitatively assess the size and intensity of connected homogeneous 
zones in the image texture, corresponding to qualitative characteristics  
such as homogeneous hyperdense regions (increase  
in glszm_HighGrayLevelZoneEmphasis), large homogeneous hypodense 
regions (increase in glszm_LargeAreaLowGrayLevelEmphasis,  
glszm_LowGrayLevelZoneEmphasis), small hypodense inclusions (increase 
in glszm_SmallAreaLowGrayLevelEmphasis), and small hyperdense 
inclusions (increase in glszm_SmallAreaHighGrayLevelEmphasis)

Table 3. Significant computed tomography texture features

Computed 
tomography phase Significant features

Non-contrast None

Arterial None

Venous

firstorder_10Percentile, firstorder_90Percentile, firstorder_Mean firstorder_Median, firstorder_RootMeanSquared,  
glcm_Autocorrelation, glcm_SumAverage, gldm_HighGrayLevelEmphasis, gldm_LargeDependenceLowGrayLevelEmphasis, 
gldm_LowGrayLevelEmphasis, gldm_SmallDependenceHighGrayLevelEmphasis, glrlm_HighGrayLevelRunEmphasis, 
glrlm_LongRunHighGrayLevelEmphasis, glrlm_LongRunLowGrayLevelEmphasis, glrlm_LowGrayLevelRunEmphasis, 
glrlm_ShortRunHighGrayLevelEmphasis, glrlm_ShortRunLowGrayLevelEmphasis, glszm_HighGrayLevelZoneEmphasis, 
glszm_LargeAreaLowGrayLevelEmphasis, glszm_LowGrayLevelZoneEmphasis, glszm_SmallAreaHighGrayLevelEmphasis, 
glszm_SmallAreaLowGrayLevelEmphasis

Delayed None

Note. With the Student t-test / Mann–Whitney U test, p < 0.05. Feature names reflect a structured hierarchy of parameters; for example, a feature named 
glszm_SmallAreaLowGrayLevelEmphasis consists of several components, each of which has a specific meaning: glszm indicates that the feature is based 
on GLSZM, and SmallAreaLowGrayLevelEmphasis is the specific feature name.
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which together explained 99.6% of the  total variance 
in the dataset.

To improve interpretability of the analyzed data, Table  4 
provides a detailed description of the selected features grouped 
by category. Description indicating which specific aspects 
of tumor texture organization they represent on CT images.

The clustering outcome within the resulting feature space 
is illustrated in Figure  1. Thus, two clusters form relatively 

isolated groups of points. The original distribution of cases 
according to the Ki-67 index is shown in Figure 2. The allocation 
of patients to clusters is summarized in Table  5: the first 
cluster predominantly includes patients from group 1, whereas 
the second cluster is mainly composed of patients from group 2. 
According to Fisher’s exact test, the resulting p value confirms 
that the fuzzy K-means algorithm partitioned the cohort into two 
clusters significantly associated with Ki‑67 status.

The heatmap demonstrates differences in mean feature 
values between the clusters (Fig. 3). It was found that, 
in the cluster with high Ki-67 values, the intensity of texture 
elements of ACC lesions on venous-phase CT images was 
on average lower than in the cluster with low Ki-67 values, 
as reflected by the first-order statistical features. Moreover, 
analysis of matrix-based texture features revealed a lower 
degree of texture homogeneity in the high Ki-67 cluster 
compared with the low Ki-67 cluster.

DISCUSSION

Summary of Primary Results
The fuzzy K-means algorithm reliably separates patients 

with ACC into two clusters associated with low (Ki-67 ≤10%) 
and high (Ki-67 >10%) proliferative index values. The cluster 
with a high Ki-67 index is characterized by lower intensity 
and reduced texture homogeneity on venous-phase CT 
images compared with the cluster with low values.

Interpretation of Primary Results
The obtained results confirm the hypothesis that texture 

features extracted from contrast-enhanced CT images can be 
used to assess the Ki-67 index. This conclusion is consistent 
with the findings of other studies. For example, the study 
by Ahmed et al.  [5] demonstrated that certain radiomic 

Fig. 1. Visualization of the fuzzy K-means clustering results 
in the principal component space.

Fig. 2. Visualization of the initial distribution of adrenocortical 
carcinoma cases into groups according to the Ki-67 index value 
in the principal component space. Ki-67, proliferative activity index.
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Table 5. Distribution of patients with adrenocortical carcinoma 
by clusters

Clusters Group 1, n = 9 Group 2, n = 15 р

Cluster 1 5 1
0.015

Cluster 2 4 14

Note. The p value was calculated using Fisher’s exact test.

Fig. 3. Heat map of feature values in the groups. Color intensity 
ranges from 0 to 1, where 0 corresponds to the cluster with high 
Ki-67 index values and 1 corresponds to the cluster with low Ki-67 
index values.
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features may be associated with the level of proliferative 
activity of adrenocortical carcinoma as assessed by the Ki-
67 index. Their multivariate linear regression model included 
such informative features as shape elongation, shape 
flatness, GLCM cluster shade, GLRLM long run emphasis, 
interquartile range (first order), NGTDM Contrast, and GLSZM 
Gray Level Non-Uniformity Normalized. In our study, not only 
the above-mentioned features but also additional ones were 
found to be significant, including firstorder_10Percentile, 
firstorder_90Percentile, firstorder_Mean, firstorder_Median, 
firstorder_RootMeanSquared, glcm_Autocorrelation, 
glcm_SumAverage, as well as texture parameters of GLDM 
and GLRLM. Nevertheless, Ahmed et al. [5] did not describe 
the details of image post-processing and the selection 
of radiomic feature extraction parameters; therefore, it can 
be assumed that the differences between the studies are due 
to variations in image processing methods and in the selection 
of preprocessing parameters. In addition, the characteristics 
of the study sample should be considered: the mean 
size of ACC in our patients was smaller (73.9  ±  15.2 mm 
and 92.4  ±  14.3 mm in group  1 and group  2, respectively) 
compared with the study by Ahmed et al. [5], where the mean 
lesion size was 115 ± 64.8 mm, which could have influenced 
the observed associations.

Furthermore, the results of our study are consistent 
with the data reported by Liu et al.  [12], as both studies 
demonstrate the possibility of using features extracted 
from contrast-enhanced CT images as prognostically 
substantial parameters in ACC. The study by Liu et al.  [12] 
showed that radiomics outperforms the conventional 
ENSAT and S-GRAS systems in predicting overall survival 
and recurrence-free survival. However, unlike that study, 
our work focuses on cluster analysis and the  association 
between clusters and the Ki-67 index. Our results complement 
the existing body of scientific evidence by confirming that 
radiomics, in combination with the fuzzy K-means clustering 
algorithm, allows differentiation of ACC cases according 
to the Ki-67 index value, which is one of the key markers 
of malignancy [1].

According to our findings, the cluster with high Ki-67 
index values is characterized by a lower degree of texture 
homogeneity than the cluster with low values. This observation 
is consistent with the results of the study by Robertson‑Tessi 
et al.  [13], in which modeling and experimental data 
demonstrated that tumors with pronounced heterogeneity 
exhibit more aggressive behavior, which may explain our 
finding of texture heterogeneity in the cluster with high Ki-67 
values, also associated with tumor aggressiveness.

We also found that only the venous-phase images obtained 
by contrast-enhanced CT contained features considerable 
for the purposes of this study. In addition, in the cluster 
with high Ki-67 index values, the gray-level intensity on CT 
images was, on average, lower than in the cluster with low 
values, which may indicate reduced contrast accumulation 
in tumors with a high Ki-67 index.

Study Limitations
The use of the Ki-67 index as a marker of ACC progression 

risk has certain limitations. Although it is widely applied 
in routine clinical practice and considered an important 
prognostic indicator, it is not the  only marker reflecting 
the biological aggressiveness of the tumor. The incorporation 
of additional information, such as molecular data or other 
adrenal tumor markers, could provide a more comprehensive 
understanding of the relationship between texture features 
extracted from contrast-enhanced CT images and tumor 
malignancy grade. For example, a high expression level 
of steroidogenic factor 1 (SF-1) is known to be a prognostic 
factor associated with unfavorable clinical outcomes 
in ACC  [14], whereas insulin-like growth factor 2 (IGF‑2) 
expression has been associated with longer overall 
survival [15]. Consideration of such markers in future studies 
may contribute to a more accurate interpretation of radiomic 
data and enhance the diagnostic value of CT-based models.

Another limitation of the present study is the relatively 
small sample size, which, among other things, may 
affect the generalizability (extrapolation beyond the study) 
of the obtained results. The inclusion of additional data 
from multidisciplinary medical centers and using different 
scanning protocols could improve model robustness 
and accuracy. A similar approach was used in the study 
presented at the 26th European Congress of Endocrinology [5], 
where the analysis of data from seven centers substantially 
increased the diagnostic accuracy of machine learning models. 
Higher predictive performance of radiomics may be achieved 
by employing more complex neural network architectures 
capable of capturing non-linear relationships between features. 
For example, Ahmed et al.  [5] developed a neural network 
algorithm for binary classification based on malignancy 
criteria, achieving the following performance metrics: AUC-
ROC of 0.974, sensitivity of 92.7%, and specificity of 92.8%.

The application of contrast-enhanced CT in our study 
was limited to cases of ACC and to a specific prognostic  
marker—the Ki-67 index. The use of this method for assessing 
the aggressiveness of other tumors or for analyzing other 
markers requires additional investigation.

CONCLUSION
The role of quantitative analysis of contrast-enhanced CT 

images in the non-invasive assessment of ACC progression 
risk has remained insufficiently studied to date: no publications 
on this topic have been available in Russia, and only isolated 
studies have been reported internationally. In the present 
study, an  approach to the quantitative characterization 
of CT images in patients with ACC using fuzzy K-means 
clustering is proposed, allowing the identification of patients 
with potentially aggressive tumor behavior. An association 
between quantitative CT image features and tumor proliferative 
activity was established, and significant differences 
between clusters confirm the applicability of this method 
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for assessing the  risk of ACC progression. The obtained 
results demonstrate the potential of the developed approach 
for the  preliminary estimation of the Ki-67 index based 
on texture features of contrast-enhanced CT. Further studies 
should focus on methodology standardization, integration 
of radiomics with clinical characteristics, and improvement 
of the reproducibility of this approach.
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