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Abstract
Purpose: This study aimed to evaluate the diagnostic performance of multiphase contrast-enhanced computed to-
mography (MCECT) for differentiating benign and malignant renal masses > 4 cm, and in predicting renal cell 
carcinoma (RCC) subtypes and grade, using signal intensity (SI) and tumor-to-cortex signal intensity ratio (TCSI).

Material and methods: A retrospective analysis was performed on 190 patients with renal tumors > 4 cm (120 solid and 
70 cystic lesions). All solid tumors and 49 cystic lesions (Bosniak IIF-IV) underwent histopathological verification. 
MCECT was performed in four phases: pre-contrast, corticomedullary (CMP), nephrographic (NP), and excretory 
(EP). SI and TCSI were measured and analyzed using receiver operating characteristic analysis. Cluster and principal 
component analyses were applied to evaluate enhancement-based classification.

Results: For solid masses, excretory phase SI reached an area under the curve (AUC) of 0.844 for distinguishing 
RCC from other tumors (98.8% sensitivity, 69.4% specificity). Differentiating RCC from benign tumors using EP SI 
achieved an AUC of 0.745. CMP SI enabled separation of RCC subtypes, especially chRCC vs. pRCC (AUC = 0.983). 
SI of NP differentiated low- from high-grade ccRCC with an AUC of 0.969 (100% sensitivity, 90.9% specificity). 
Among Bosniak IIF cysts, EP TCSI ≥ 0.40 identified malignancy with 88.9% sensitivity and 100% specificity (AUC 
= 0.951). Cluster analysis grouped tumors by vascularity-based enhancement. Lymph node assessment showed no 
significant SI differences between pN1 and pN0.

Conclusions: SI and TCSI from MCECT are accurate, non-invasive markers for histologic and biologic characteriza-
tion of large renal masses. CMP and EP provide the highest diagnostic value. These enhancement parameters may 
improve radiologic workflows and support clinical decision-making.

Key words: renal cell carcinoma, radiomics, imaging marker, multiphase contrast-enhanced CT, large renal masses, 
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Introduction
Renal cell carcinoma (RCC) is a common oncological 
condition, ranking among the ten most prevalent malig-
nancies in both sexes and occupying the sixth position 
in terms of incidence in men. The global incidence of 
RCC increases annually by 2%, and the disease develops 
in approximately 1 in 63 individuals over the course of 

their lifetime. Each year, approximately 271,000 new cas-
es of RCC are diagnosed, with an associated mortality of 
around 116,000 [1,2]. 

It is well established that the biological behavior of 
RCC, the clinical course of the disease, the efficacy of 
surgical or pharmacological treatment, the propensity for 
metastasis, and patient survival are determined by a com-
bination of factors, including anatomical, histological, 
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clinical, and molecular characteristics [3]. Currently, the 
only method that enables preoperative diagnosis of RCC 
while simultaneously providing information on the histo-
logical subtype and tumor grade is percutaneous biopsy 
(PB), which is rarely employed in routine clinical practice. 
This method is invasive, carries a risk of complications, 
and requires considerable procedural time. Moreover, its 
clinical utility remains controversial, as the proportion 
of non-diagnostic biopsies reaches up to 40% [4]. Core 
biopsies of cystic renal masses demonstrate even lower 
diagnostic yield and accuracy compared to solid lesions 
and are not recommended unless solid components are 
present, as in Bosniak IV cysts [3]. Moreover, tumor grad-
ing on core biopsies is challenging, with overall accuracy 
of 62.5% [5]. All of this contributes to the infrequent use 
of this procedure in many medical centers, with the Eu-
ropean Association of Urology Guidelines recommending 
PB mainly in selected patients being considered for active 
surveillance, or prior to ablative or systemic therapy [3].

Although advanced cross-sectional imaging tech-
niques, such as magnetic resonance imaging (MRI), 
demonstrate a sensitivity and specificity of approximately 
75-90% for the diagnosis of RCC, certain studies have re-
ported that the diagnostic accuracy of preoperative com-
puted tomography (CT) in differentiating benign from 
malignant renal masses may be as low as 17%, particularly 
in certain cohorts [6]. This may be primarily explained by 
the fact that reliable differentiation from certain benign 
renal tumors, such as fat-poor angiomyolipoma (AML) 
or oncocytoma (OC), remains challenging [3]. Currently, 
all solid enhancing renal masses lacking microscopic fat 
are considered malignant until proven otherwise, as there 
is substantial overlap in imaging characteristics between 
benign and malignant lesions, particularly between clear 
cell RCC (ccRCC) and OC [7]. In addition, the diagnos-
tic accuracy of CT for complex renal cysts (Bosniak IIF-
III) is limited, with sensitivity as low as 36% and poor 
interobserver agreement [8]. Emerging modalities such as 
PSMA PET-CT, 99Tc-sestamibi SPECT/CT, and 89Zr-DFO-
girentuximab PET-CT show promise in differentiating 
RCC subtypes, benign from malignant tumors, and high- 
from low-grade lesions, with some also under evaluation 
for staging [9,10]. However, current evidence lacks suffi-
cient external validation to support their routine clinical 
application [3]. Given these limitations, the high rate of 
false-positive RCC diagnoses is not unexpected; indeed, 
published data indicate that approximately 12% to 34% of 
nephrectomies performed for presumed malignant renal 
tumors ultimately reveal benign histopathology [11-14].

To date, several studies have demonstrated promis-
ing results in differentiating RCC from benign renal neo-
plasms using both standard CT imaging parameters, such 
as attenuation measurements, and CT-based radiomic 
features, including histogram parameters, texture param-
eters, form factor parameters, gray-level co-occurrence 
matrix features, and gray-level run-length matrix fea-

tures. These have also been investigated in combination 
with machine learning, deep learning, and their hybrid 
approaches. However, despite substantial progress in this 
area, none of these models has yet been widely accepted 
or implemented in routine clinical practice due to insuffi-
cient evidence, lack of external validation, and absence of 
methodological standardization [15-18]. Moreover, fun-
damental imaging metrics, such as signal intensity (SI) 
across different phases of multiphase contrast-enhanced 
CT (MCECT) and their derived indices, remain insuf-
ficiently characterized, although emerging evidence in-
dicates their potential diagnostic value in differentiating 
RCC from benign renal lesions and enhancing the perfor-
mance of radiomic-based models [19,20].

In our previous study, we demonstrated that MCECT-
derived parameters, particularly SI and tumor-to-cortex 
signal intensity ratio (TCSI), provide valuable non-in-
vasive biomarkers for the characterization of small renal 
masses, achieving high diagnostic accuracy in differenti-
ating RCC from benign lesions, identifying histological 
subtypes, and grading tumors [21]. In this context, we hy-
pothesized that these parameters could also enable such 
differential diagnosis in renal masses larger than 4 cm. 

Therefore, the aim of this study was to assess the role 
of MCECT in evaluating renal masses > 4 cm by measur-
ing SI and the TCSI to differentiate benign from malig-
nant lesions in both solid and cystic masses, as well as to 
predict RCC histologic subtypes and tumor grades.

Material and methods

Compliance with ethical standards

This retrospective study received approval from the local 
bioethical committee. All procedures were conducted in 
accordance with institutional and national ethical stan-
dards, consistent with the principles outlined in the 1964 
Declaration of Helsinki and its subsequent amendments 
or equivalent guidelines. Written informed consent was 
obtained from all participants. The authors report no con-
flicts of interest. The study was carried out between 2015 
and 2024.

Study population and design

To identify eligible cases, we analyzed medical records and 
postoperative pathology reports of patients with renal tu-
mors and retrieved the corresponding CT datasets from 
institutional electronic archives. To assess the diagnostic 
performance of CT-based biomarkers in differentiating 
RCC > 4 cm, only cases with histologically confirmed 
diagnoses derived from postoperative pathology reports 
were included. Inclusion criteria were as follows: adult 
age; tumor size > 4 cm in the largest dimension based on 
imaging; absence of contraindications to CT such as aller-
gy to contrast agents, severe renal or hepatic insufficiency, 



� Multiphase CT markers for large renal mass differentiation

e97© Pol J Radiol 2026; 91: e95-e114

body weight > 150 kg, and pregnancy; and a clinical indi-
cation for or availability of CT data either stored on elec-
tronic media or accessible in an institutional electronic 
database. Patients were excluded if they had active urinary 
tract infections, bilateral or multifocal renal tumors, or 
advanced chronic kidney disease defined as chronic kid-
ney disease stage 4 or higher (estimated glomerular filtra-
tion rate < 30 ml/min/1.73 m²), due to contraindications 
for contrast-enhanced CT. Prior to inclusion, no patient 
had undergone PB or any treatment of the renal mass. 

The study included 190 patients with renal masses 
measuring over 4 cm in the dimension (120 cases of 
solid and 70 cases of cystic lesions). Among the 190 pa-
tients with renal tumors, 115 (60.61%) were male and 
75 (39.39%) were female. The mean patient age was 
58.11 ± 9.20 years, ranging from 37 to 73 years. The mean 
age of male patients was 58.67 ± 3.45 years, and that of 
female patients was 57.25 ± 3.53 years. Left kidney in-
volvement was more frequent, observed in 103 (54.29%) 
patients, while right kidney tumors occurred in 87 
(45.71%) patients. The mean maximum tumor diameter 
was 7.56 ± 2.54 cm, ranging from 4.05 to 12.95 cm.

Pathomorphological evaluation 

Pathological classification was performed according to 
the World Health Organization (WHO) criteria. Given 
the sample size, the International Society of Urologi-
cal Pathology (ISUP) grades I and II were categorized 
as well-differentiated tumors, whereas grades III and IV 
were classified as poorly differentiated. Tumor staging for 
RCC and upper tract urothelial carcinoma (UTUC) was 
conducted using the Tumor–Node–Metastasis (TNM) 
Classification of Malignant Tumors established by the 
American Joint Committee on Cancer (AJCC).

Solid renal masses

The study cohort comprised 120 patients diagnosed with 
solid renal neoplasms: 84 (70.0%) with RCC, 14 (11.67%) 
with UTUC of the renal pelvis, and 22 (18.33%) with be-
nign renal tumors. The mean patient age was 58.86 ± 8.25 
years (range: 40-73 years). The gender distribution was as 
follows: 75 (62.30%) males and 45 (37.70%) females.

According to the AJCC TNM classification and postop-
erative histopathological reports, all 120 cases of RCC were 
staged as follows: 79 patients (66.09%) had pT1bN0M0, 
3 patients (2.50%) had pT1bN1M0, 15 patients (12.50%) 
had pT2aN0M0, 3 patients (2.50%) had pT2aN1M0,  
10 patients (8.33%) had pT2bN0M0, 3 patients (2.50%) 
had pT2bN1M0, 2 patients (1.67%) had pT3aN0M0, and 
1 patient (0.83%) had pT3aN1M0. All 14 cases of UTUC 
of the renal pelvis were also classified according to the 
TNM system: 2 patients (14.29%) had pT1N0M0, 9 pa-
tients (64.29%) had pT2N0M0, 2 patients (14.29%) had 
pT3N0M0, and 1 patient (7.14%) had pT3N1M0.

Based on the WHO classification, the histological sub-
types of RCC were determined postoperatively in all cases: 
ccRCC was diagnosed in 53 patients (66.25%), papillary 
RCC (pRCC) in 16 patients (20.0%), and chromophobe 
RCC (chRCC) in 15 patients (18.75%). Among pRCC 
cases, 87.10% were type I and 12.90% were type II; due to 
the limited number of type II cases, statistical analysis by 
papillary subtype was not performed. In the ccRCC group, 
28 tumors (52.83%) were classified as low ISUP grade and 
25 (47.17%) as high ISUP grade. Among pRCC tumors, 
8 cases (50.0%) were low ISUP grade and 8 (50.0%) were 
high ISUP grade. All UTUC cases were high grade. 

The histopathological diagnoses of benign tumors 
were distributed as follows: OC in 8 patients (36.36%), 
AML in 7 patients (31.82%), and papillary adenoma (PA) 
in 7 patients (31.82%). Moreover, in 5 of 7 (78.57%) cases, 
AMLs were classified histologically as low-fat AML.

Cystic renal masses

The study included 70 cases of cystic renal lesions. The 
mean patient age was 57.16 ± 7.57 years (range: 37-68 
years). The gender distribution among patients with renal 
cysts was as follows: 41 males (57.89%) and 29 females 
(42.11%). In patients with simple renal cysts (Bosniak 
categories I and II), MCECT of the abdomen was per-
formed in cases with radiologically equivocal findings on 
prior ultrasound or MRI. All Bosniak IIF cysts included 
in the analysis had been followed for a minimum of one 
year (mean follow-up: 1.2 years) using contrast-enhanced 
cross-sectional imaging. During follow-up, these cysts 
demonstrated radiological features suggestive or indica-
tive of malignancy, such as rapid growth, septal or wall 
thickening, and increased contrast enhancement, which 
prompted surgical resection and subsequent histopatho-
logical evaluation. All patients with Bosniak category III 
or IV cysts also underwent surgical treatment, and inclu-
sion in the study was contingent upon histological con-
firmation.

Based on postoperative histopathological reports, the 
group of 18 Bosniak IIF cysts included 9 patients (50.0%) 
with benign cysts and 9 patients (50.0%) with cystic 
RCC. Among the 16 Bosniak III cysts, there were 11 cas-
es (68.75%) of RCC, 1 case (6.25%) of a cystic variant of 
fat-poor AML, 2 cases (12.50%) of OC with a prominent 
cystic component, 1 case (6.25%) of cystic nephroma, and 
1 case (6.25%) of renal leiomyoma with extensive cystic 
degeneration. Among the 15 Bosniak IV cysts, 12 patients 
(80.0%) had cystic RCC, 1 patient (6.67%) had a fat-poor 
cystic AML, 1 patient (6.67%) had a cystic form of OC, 
and 1 patient (6.67%) had a metanephric adenoma with 
a significant cystic component. In total, cystic RCC was 
confirmed in 32 of 49 (65.31%) patients with Bosniak IIF-
IV lesions.

According to histopathological and imaging findings, 
all 32 patients with RCC were classified using the TNM 
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system as follows: 23 patients (71.88%) had pT1bN0M0, 
1 patient (3.13%) had pT1bN1M0, 4 patients (12.50%) 
had pT2aN0M0, 1 patient (3.13%) had pT2aN1M0, 1 pa-
tient (3.13%) had pT2bN0M0, 1 patient (3.13%) had 
pT2bN1M0, and 1 patient (3.13%) had pT3aN0M0. In 
all RCC cases, the histological subtype was ccRCC. Ac-
cording to the two-tier ISUP grading system, 18 tumors 
(56.25%) were classified as low grade and 14 tumors 
(43.75%) as high grade.

CT examination

In all cases, abdominal MCECT was performed using 
a 16-slice BrightSpeed scanner (General Electric, USA). 
Examinations were carried out with patients in the supine 
position using a spiral acquisition protocol in the cranio-
caudal direction. To minimize motion artifacts, patients 
were instructed to hold their breath during image acqui-
sition. Scanning parameters followed the manufacturer’s 
protocol and included: slice thickness = 5.0 mm, pitch = 
1.375 : 1, table speed = 27.5 mm/rotation, reconstruction 
interval = 5.0 mm, gantry tilt = 80.0°, field of view (FOV) 
= 46×46 cm, tube voltage = 130 kV, current = 350 mA, 
and an estimated total radiation dose of 20-30 mSv. 

The MCECT protocol comprised four phases: the non-
contrast phase (NCP), corticomedullary phase (CMP), 
nephrographic phase (NP), and excretory phase (EP). 
The CMP, characterized by intense cortical enhance-
ment with minimal medullary uptake, was acquired at 
35-40 s after contrast administration. The NP, defined by 
homogeneous enhancement of both cortex and medulla 
without contrast excretion into the collecting system, 
was performed after 70-75 s. The EP, marked by con-
trast excretion into the collecting system, was obtained at  
8-10 min after injection.

Intravenous contrast agents – either iopromide or io-
hexol – were administered at a dose of 1-1.2 ml/kg body 
weight using an 18-gauge catheter placed in the antecu-
bital vein. A semi-automated power injector (Dual Shot 
alpha 7, Nemoto, Japan) was used to deliver the contrast at 
a flow rate of 3 ml/s, followed by a 40 ml saline flush. No 
contrast-related adverse events were reported. All exami-
nations were performed following a preparatory regimen 
that included fasting and ingestion of 1.5 liters of fluid. 
CT images were subsequently transferred to a picture ar-
chiving and communication system for interpretation at 
dedicated workstations.

CT image analysis

For all lesions, a comprehensive topographic assessment 
was performed, including evaluation of tumor size and 
maximal diameter (in cm), shape, anatomical position, 
margin characteristics (well-defined vs. irregular), loca-
tion relative to the renal pole (upper/mid/lower), and 
spatial configuration (exophytic vs. endophytic). Addi-

tional features assessed included the presence of a central 
scar, necrotic regions, nodular contrast enhancement, 
ill-defined margins, cystic components, hypervascular-
ity, calcifications, macroscopic fat, angular interface sign, 
multicentric growth, vascular invasion, and perirenal fat 
infiltration. The analysis also covered invasion of the col-
lecting system or renal sinus, tumor extension into adja-
cent structures (including the adrenal gland), evaluation 
of tumor thrombus within the renal vein or inferior vena 
cava (size and extent), and assessment of regional lymph 
node involvement. All imaging characteristics were re-
viewed by a radiologist with substantial expertise in uro-
genital imaging.

SI values of renal tumors and normal renal cortex 
were analyzed across all MCECT phases and TCSI values 
were calculated. The TCSI ratio was computed by divid-
ing the SI of the lesion by the SI of the normal renal cor-
tex in the contralateral kidney. Measurements were per-
formed on anatomically corresponding slices from each 
phase, with regions of interest (ROIs) precisely drawn 
over the tumor to conform to its margins, excluding ar-
eas of necrosis or cystic degeneration in solid tumors. 
Attenuation was recorded in Hounsfield units (HU). In 
heterogeneous lesions, the ROI was placed in the most 
hyperattenuating region. 

Cystic renal lesions were classified according to the 
Bosniak system [22], which guided the categorization 
and ROI placement. For Bosniak I, II, and IIF cysts, the 
ROI encompassed the entire cystic area, conforming to 
its contours, while for Bosniak III and IV lesions, ROIs 
were positioned over enhancing solid components (e.g., 
thickened septa or walls), targeting the regions with the 
highest attenuation. For each lesion, three measurements 
were obtained, and the arithmetic mean was calculated. 
For cortical measurements, a circular ROI with an aver-
age diameter of 1.5 ± 0.5 cm was placed in a symmetrical 
region of uninvolved cortex, and attenuation values were 
obtained across all CT phases in a manner identical to 
tumor assessment. All CT image data were processed 
using the RadiAnt DICOM Viewer (https://www.radi-
antviewer.com).

Reference values

Reference values for imaging biomarkers were obtained 
from individuals without clinical or radiological evidence 
of renal pathology (control group), as confirmed by clini-
cal assessments and imaging studies, including complete 
blood count, urinalysis, serum urea and creatinine levels, 
and renal ultrasound. These individuals (n = 30) under-
went abdominal imaging for suspected extrarenal pathol-
ogy, which was subsequently excluded based on radiologic 
findings. The CT protocol, including contrast agent type, 
dosage, and phase timing, was identical to that used for 
patients with renal tumors. The mean age of the reference 
group was 53.67 ± 8.64 years (range: 37-69 years).
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During CT imaging, reference values for SI of normal 
renal parenchyma were established by placing ROIs, av-
eraging 1.5 ± 0.4 cm in diameter, over the parenchyma of 
the healthy kidney. In the control group, the TCSI value 
was defined as 1.0.

Statistical analysis

Descriptive statistics were applied to summarize baseline 
demographic and tumor-related characteristics of the study 
population. Categorical variables were compared using ei-
ther the Pearson c2 test or Fisher’s exact test, as appropriate. 
The Shapiro-Wilk test was employed to assess the normal-
ity of data distribution. Differences in imaging biomarker 
values across patient groups and subgroups were evaluated 
using one-way analysis of variance. Receiver operating 
characteristic (ROC) curve analysis was conducted to de-
termine the diagnostic performance of the models in dif-
ferentiating malignant from benign lesions, with the area 
under the curve (AUC) and corresponding 95% confidence 
intervals (CI) reported. A p-value of <0.05 was considered 
statistically significant. Hierarchical cluster analysis using 
Ward’s method was performed on averaged CT-derived 
markers across four phases to identify enhancement pat-
tern-based grouping among histologic subtypes. Principal 
component analysis (PCA) was applied to standardized SI 
and TCSI values to reduce dimensionality and visualize in-
tergroup variance in a two-dimensional feature space. All 
statistical analyses were conducted using SPSS software, 
v.22 and Python v. 3.11.

Results

Differentiation of solid renal masses > 4 cm in size

Differentiation of malignant and benign solid renal 
tumors

In patients with RCC, the mean maximum tumor diameter 
was 7.69 ± 2.74 cm (range: 4.05-12.95 cm); in UTUC of the 
renal pelvis, 5.64 ± 2.43 cm (range: 4.25-6.95 cm); and in 
benign renal tumors, 6.89 ± 2.41 cm (range: 4.15-8.86 cm).

Evaluation of tumor SI across the CT phases in pa-
tients with RCC, UTUC, and benign renal lesions dem-
onstrated intergroup variability; however, a statisti-
cally significant difference in mean SI values among all 
groups was identified only in the EP. The highest mean 
SI on CT images of EP was observed in the control group 
(85.52 ± 11.34 HU), while the lowest was recorded in 
the UTUC group (37.33 ± 5.75 HU), with a statistically 
significant difference between them (p < 0.001). The 
mean attenuation value for RCC was 71.69 ± 10.26 HU, 
which also differed significantly from the other groups 
(p < 0.001). In the group with benign renal tumors, the 
mean SI was 60.0 ± 14.36 HU, and the difference com-
pared to other groups was likewise statistically significant 

(p < 0.001). Although the CMP and NP also provided 
useful differentiation among the groups, no statistically 
significant difference in mean SI was observed between 
UTUC and benign tumors in the CMP (p = 0.109), nor 
between RCC and benign tumors in the NP (p = 0.993) 
(Figure 1, Table 1).

Subsequently, the TCSI ratio was assessed across all 
phases of CT. Notable intergroup differences in mean 
TCSI values were observed; however, consistent with the 
findings for SI, statistically significant differences among 
all study groups were identified exclusively in the EP. In 
this phase, the highest mean TCSI was recorded in the 
RCC group (0.85 ± 0.19), followed by the benign tumor 
group (0.68 ± 0.15), and the lowest values were observed 
in the UTUC group (0.45 ± 0.11). The differences across 
all groups, including the control cohort, were statistically 
significant (p < 0.001). Although TCSI measurements de-
rived from the CMP and NP also contributed to lesion 
characterization, these phases did not yield statistically 
significant differences between several subgroup compari-
sons. The mean TCSI values across CT phases for malig-
nant and benign renal tumors are summarized in Table 2.

ROC analysis demonstrated that among the evaluated 
imaging biomarkers, tumor SI measured on CT images 
acquired in the EP provided the highest diagnostic per-
formance for distinguishing RCC from other renal tu-
mors. At an optimal threshold of 54.80 HU, the sensitiv-
ity and specificity reached 98.8% and 69.4%, respectively 
(AUC = 0.844; 95% CI: 0.746-0.942; p < 0.001). In com-
parison, the application of TCSI for the same diagnostic 
purpose yielded inferior sensitivity and specificity, indicat-
ing reduced discriminatory capability (Figures 2 and 3).  

Figure 1. Boxplot of signal intensity values for malignant and benign renal 
lesions during the phases of computed tomography

RCC – renal cell carcinoma, UTUC – upper tract urothelial carcinoma, HU – Hounsfield units
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Differentiation of RCC from benign renal neoplasms was 
also feasible, albeit with slightly reduced diagnostic ac-
curacy. The most favorable results were obtained using 
tumor SI derived from EP images, where a threshold of 
61.84 HU provided a sensitivity of 79.8% and a specificity 
of 63.6% (AUC = 0.745; 95% CI: 0.599-0.891; p < 0.001).

Differentiation of solid RCC histological subtypes

In analysis of SI values across different histological sub-
types of RCC in various phases of contrast-enhanced 
CT, it was determined that the most pronounced dif-
ferences among RCC subtypes were observed in the 
CMP. The highest mean attenuation was noted in pRCC 
(118.66 ± 9.17 HU), followed by conventional RCC 
(107.99 ± 26.68 HU), while the lowest values were re-
corded for chRCC (86.60 ± 13.08 HU). These differences 

are attributable to variations in contrast agent uptake and 
the underlying histoarchitectural features of the respective 
subtypes. As illustrated in Figure 4, ccRCC demonstrated 
the widest range of SI values and the highest peak values 
among all subtypes, which may reflect the considerable 
heterogeneity in microvascularization characteristic of 
this histological variant.

On CMP CT images, statistically significant differenc-
es in mean SI were identified between chRCC and both 
ccRCC (p = 0.005) and pRCC (p < 0.001). However, no 
significant difference was observed between clear cell and 
papillary RCC subtypes (p = 0.223). Analysis of the TCSI 
across histological RCC subtypes and CT phases revealed 
considerable overlap in value distributions, which limited 
the ability to distinguish between subtypes. A statistically 
significant difference in mean TCSI values was observed 
only between pRCC and chRCC in the CMP (Table 3).

Table 1. Mean attenuation values of solid renal masses on computed tomography images across phases

Group N Pre-contrast images  
(mean ± SD)

CMP  
(mean ± SD)

NP  
(mean ± SD)

EP  
(mean ± SD)

RCC, HU 84 39.01 ± 9.67 106.20 ± 24.32 84.94 ± 14.23 71.69 ± 10.26

UTUC (renal pelvis), HU 14 25.91 ± 5.70 68.96 ± 13.16 54.06 ± 4.96 37.33 ± 5.75

Benign tumors, HU 22 34.45 ± 8.19 85.35 ± 20.08 85.59 ± 21.37 60.0 ± 14.36

Reference values, HU 30 30.84 ± 6.51 119.38 ± 13.21 115.11 ± 36.03 85.52 ± 11.34

Statistical significance (p-values)

  RCC vs. UTUC < 0.001 < 0.001 < 0.001 < 0.001

  RCC vs. benign 0.125 < 0.001 0.993 < 0.001

  RCC vs. reference < 0.001 0.020 < 0.001 < 0.001

  UTUC vs. benign 0.022 0.109 < 0.001 < 0.001

  UTUC vs. reference 0.292 < 0.001 < 0.001 < 0.001

  Benign vs. reference 0.442 < 0.001 < 0.001 < 0.001
CMP – cortico-medullary phase, EP – excretory phase, HU – Hounsfield units, SD – standard deviation, NP – nephrographic phase, RCC – renal cell carcinoma, UTUC – upper tract urothelial 
carcinoma

Table 2. Mean tumor-to-cortex signal intensity ratio of solid renal masses on computed tomography images across phases

Group N Pre-contrast images  
(mean ± SD)

CMP  
(mean ± SD)

NP  
(mean ± SD)

EP  
(mean ± SD)

RCC 84 1.38 ± 0.51 0.93 ± 0.22 0.77 ± 0.29 0.85 ± 0.19

UTUC (renal pelvis) 14 0.82 ± 0.28 0.60 ± 0.10 0.52 ± 0.19 0.45 ± 0.11

Benign tumors 22 1.07 ± 0.39 0.73 ± 0.19 0.76 ± 0.46 0.72 ± 0.22

Reference values 30 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0

Statistical significance (p-values)

  RCC vs. UTUC < 0.001 < 0.001 0.015 < 0.001

  RCC vs. benign 0.016 < 0.001 0.996 0.005

  RCC vs. reference < 0.001 0.317 0.001 < 0.001

  UTUC vs. benign 0.304 0.166 0.068 < 0.001

  UTUC vs. reference 0.562 < 0.001 < 0.001 < 0.001

  Benign vs. reference 0.925 < 0.001 0.015 < 0.001
CMP – cortico-medullary phase, EP – excretory phase, SD – standard deviation, RCC – renal cell carcinoma, NP – nephrographic phase, UTUC – upper tract urothelial carcinoma
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for high-grade ccRCC (p < 0.001). Detailed results are 
presented in Table 4 and Figure 5.

In contrast, no statistically significant differences were 
observed in the mean SI or TCSI values between low-
grade and high-grade of pRCC across any of the evaluated 
CT phases (p > 0.05). 

In the context of distinguishing conventional RCC 
from non-conventional RCC subtypes, the overall diag-
nostic performance was modest. The highest values were 
recorded for tumor SI in the NP, with a cutoff of 79.39 
HU achieving a sensitivity of 71.7% and a specificity of 
54.8% (AUC = 0.718; 95% CI: 0.610-0.826; p = 0.001). In 
contrast, the differentiation between pRCC and chRCC 
subtypes demonstrated markedly superior test charac-
teristics. The most accurate results were obtained in the 
CMP, where a threshold of 90.57 HU yielded a sensitivity 
of 100%, specificity of 73.3%, and excellent overall ac-
curacy (AUC = 0.983; 95% CI: 0.946-1.000; p < 0.001).

Differentiation of solid RCC grade

Statistically significant differences in SI values between 
low- and high-grade ccRCC were observed on CT images 
across multiple contrast-enhanced phases. Low-grade tu-
mors exhibited consistently higher SI values compared to 
high-grade lesions in all phases, with the exception of the 
EP. In the CMP, for instance, the mean SI for low-grade 
ccRCC was 123.97 ± 24.06 HU, which was significantly 
greater than that observed in the high-grade subgroup 
(90.10 ± 16.11 HU; p < 0.001). An analogous trend was 
noted for the TCSI between the two subgroups. Although 
the difference did not reach statistical significance in the 
EP (p = 0.155), it was significant in the NCP, CMP, and 
NP. In each of these phases, tumors of lower ISUP grades 
demonstrated higher TCSI values relative to high-grade 
tumors. Specifically, in the CMP, the mean TCSI for low-
grade ccRCC was 1.10 ± 0.20, in contrast to 0.76 ± 0.14 

Figure 2. Receiver operating characteristic curves for differentiating renal 
cell carcinoma from other renal tumors constructed based on tumor atten-
uation values

Figure 3. Receiver operating characteristic curves for differentiating renal 
cell carcinoma from other renal tumors constructed based on tumor-to-cor-
tex signal intensity ratio
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For the stratification of low- versus high-grade ccRCC, 
the highest diagnostic performance was achieved using 
tumor SI measured in the NP. At a threshold of 87.78 
HU, the resulting test demonstrated outstanding accu-
racy, with a sensitivity of 100%, specificity of 90.9%, and 
AUC = 0.969 (95% CI: 0.922-1.000; p < 0.001). However, 
neither tumor SI nor TCSI achieved satisfactory discrimi-
natory performance for differentiating low- from high-
grade pRCC.

Differentiation of benign solid renal masses

Attenuation properties were also assessed in subgroups 
of benign renal tumors. A statistically significant differ-
ence in mean SI was observed exclusively in the NP. Spe-
cifically, mean SI values were 107.29 ± 13.43 HU for OC, 
81.79 ± 13.64 HU for AML, and 64.59 ± 6.48 HU for PA. 
Pairwise comparisons demonstrated significant differences 
between OC and AML (p = 0.001), OC and PA (p < 0.001), 

Table 4. Mean tumor signal intensity (SI) on computed tomography (CT) images across different phases in low-grade and high-grade conventional renal 
cell carcinoma (RCC)

Conventional RCC ISUP grade CT phase

Pre-contrast images (mean ± SD) CMP (mean ± SD) NP (mean ± SD) EP (mean ± SD)

SI, HU

   ccRCC, low grade (n = 28) 48.68 ± 9.91 123.97 ± 24.06 100.74 ± 6.25 76.64 ± 11.97

   ccRCC, high grade (n = 25) 33.27 ± 3.17 90.10 ± 16.11 75.32 ± 11.05 70.69 ± 9.87

   p-values low grade vs. high grade < 0.001 < 0.001 < 0.001 0.155

TCSI

   ccRCC, low grade (n = 28) 1.67 ± 0.66 1.10 ± 0.20 0.89 ± 0.27 0.94 ± 0.18

   ccRCC, high grade (n = 25) 1.21 ± 0.32 0.76 ± 0.14 0.64 ± 0.16 0.83 ± 0.18

   p-values low grade vs. high grade 0.010 < 0.001 0.003 0.129
CMP – cortico-medullary phase, EP – excretory phase, HU – Hounsfield units, SD – standard deviation, ccRCC – clear cell renal cell carcinoma, NP – nephrographic phase, TCSI – tumor-to-cortex 
signal intensity ratio

Table 3. Mean tumor signal intensity (SI) and tumor-to-cortex signal intensity ratio (TCSI) on computed tomography (CT) images across different phases in 
clear cell, papillary, and chromophobe renal cell carcinoma (ccRCC, pRCC, chRCC)

RCC subtype CT phase

Pre-contrast images  
(mean ± SD)

CMP  
(mean ± SD)

NP  
(mean ± SD)

EP  
(mean ± SD)

SI, HU

   ccRCC, n = 53 41.41 ± 10.77 107.99 ± 26.68 88.75 ± 15.52 73.83 ± 11.33

   pRCC, n = 16 35.27 ± 5.61 118.66 ± 9.17 74.91 ± 9.84 67.85 ± 6.02

   chRCC, n = 15 34.53 ± 5.52 86.60 ± 13.08 82.17 ± 4.86 68.23 ± 7.86

Statistical significance (p-values)

   ccRCC vs. pRCC 0.058 0.223 0.001 0.096

   ccRCC vs. chRCC 0.034 0.005 0.214 0.140

   pRCC vs. chRCC 0.973 < 0.001 0.287 0.994

TCSI

   ccRCC, n = 53 1.45 ± 0.57 0.94 ± 0.24 0.77 ± 0.25 0.89 ± 0.19

   pRCC, n = 16 1.36 ± 0.43 1.04 ± 0.15 0.74 ± 0.35 0.78 ± 0.19

   chRCC, n = 15 1.14 ± 0.25 0.79 ± 0.11 0.78 ± 0.35 0.80 ± 0.17

Statistical significance (p-values)

   ccRCC vs. pRCC 0.809 0.193 0.940 0.074

   ccRCC vs. chRCC 0.096 0.057 0.995 0.201

   pRCC vs. chRCC 0.446 0.004 0.936 0.933
CMP – cortico-medullary phase, EP – excretory phase, HU – Hounsfield units, SD – standard deviation, NP – nephrographic phase, RCC – renal cell carcinoma
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as well as AML and PA (p = 0.034). Additionally, TCSI anal-
ysis across contrast-enhanced phases revealed no signifi-
cant differences among the three benign tumor subgroups, 
with statistical significance observed only intermittently be-
tween specific pairs. These findings indicate that TCSI does 
not offer incremental diagnostic value over absolute tumor 
SI for the characterization of benign renal neoplasms.

Multivariate visualization of tumor enhancement patterns

Hierarchical clustering based on the averaged SI and 
TCSI across all CT phases enabled stratification of 
histologic subtypes into biologically plausible groups. 
Cluster analysis revealed two dominant branches with 
clear phenotypic coherence. The first cluster comprised 
ccRCC and pRCC, both exhibiting peak enhancement 
in the CMP and maintaining relatively elevated TCSI 
values into the EP (e.g., TCSI of EP in ccRCC = 0.89 vs. 
in pRCC = 0.78), consistent with their pronounced vas-
cularity. The second cluster grouped chRCC, OC, and 
AML, characterized by flatter enhancement curves (e.g., 
SI of CMP in chRCC = 86.6 HU vs. ccRCC = 108 HU)  

and lower TCSI ratios, reflecting reduced perfusion 
or stromal attenuation. A distinct outlier cluster was 
formed by PA and UTUC, both demonstrating consis-
tently low SI and TCSI values across all phases (e.g., SI 
of EP in PA = 64.6 HU; TCSI of EP in UTUC = 0.45), 
aligning with their avascular or hypovascular growth 
patterns. Notably, the mean Euclidean distance between 
centroids of ccRCC and UTUC across the combined SI-
TCSI matrix exceeded 1.84 (z-normalized units), indi-
cating robust inter-cluster separability (Figure 6).

 PCA was conducted on standardized multiphase 
CT-derived enhancement metrics, including SI and TCSI 
across all four contrast phases, resulting in dimensional-
ity reduction from an 8-dimensional to a 2-dimensional 
space. The resulting biplot demonstrated clear spatial sep-
aration of major histologic subtypes. Conventional RCC 
and pRCC clustered along the positive PC1 axis, reflect-
ing their relatively high vascular enhancement profiles. In 
contrast, chRCC, OC, and AML grouped along the nega-
tive PC2 axis, corresponding to lower and more homo-
geneous enhancement patterns. Importantly, UTUC and 
PA formed a distinct subgroup in the lower-left quadrant, 

Figure 5. Multiphase computed tomography (CT)-derived signal metrics differentiate low- and high-grade clear cell renal cell carcinoma

160

140

120

100

80

60

40

20

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Sig
na

l in
te

ns
ity

, H
U

Tu
m

or
-to

-co
rte

x s
ig

na
l in

te
ns

ity
 ra

tio
 (T

CS
I)

	 NCP	 CMP	 NP	 EP
CT phase

	 NCP	 CMP	 NP	 EP
CT phase

Signal intensity by CT phase and histological grade

TCSI by CT phase and histological grade

Grade
Low grade
High grade

HU – Hounsfield units, NCP – non-contrast phase, CMP – corticomedullary phase,  
NP – nephrographic phase, EP – excretory phase



Yulian Mytsyk �

e104 © Pol J Radiol 2026; 91: e95-e114

consistent with their avascular or hypovascular nature. 
This multivariate visualization confirms the discrimina-
tive potential of phase-specific CT enhancement param-
eters and supports their application in the non-invasive 
classification of renal masses (Figure 7).

The following figures illustrate the application of tu-
mor SI and TCSI ratio in renal tumors larger than 4 cm 
(Figures 8-10).

Differentiation of solid cystic masses > 4 cm in size

The mean cystic renal lesion size was 5.34 ± 3.43 cm, ranging 
from 4.02 to 11.62 cm. In the evaluation of SI in renal cystic 

lesions measuring > 4 cm, as expected, the lowest attenuation 
values across all contrast-enhanced CT phases were recorded 
in Bosniak category I lesions, whereas the highest values were 
observed in category IV cysts. Among the evaluated phases, 
the CMP demonstrated the highest discriminatory perfor-
mance, yielding statistically significant differences in mean 
SI across all Bosniak categories, with the exception of com-
parisons between category I and II cysts (p = 0.970), and be-
tween category IV cysts and the reference values (p = 0.719). 
The latter difference was considered clinically irrelevant, as 
renal masses > 4 cm could be unequivocally distinguished 
from normal parenchyma based on visual inspection in all 
contrast-enhanced CT phases. The absence of a statistically 
significant difference in SI between Bosniak IV lesions and 
the reference group is most likely attributable to the pres-
ence of a prominently enhancing solid component within the 
cysts. This component demonstrates higher contrast uptake 
than adjacent normal cortex, thereby elevating the mean SI 
of the lesion and contributing to an overlap in attenuation 
values between malignant cystic lesions and physiologically 
enhancing renal tissue (Table 5).

In the assessment of the TCSI in renal cystic masses, the 
lowest mean values across all contrast-enhanced CT phases 
were observed in Bosniak category I lesions, while the high-
est were recorded in category IV cysts. Consistent with find-
ings based on absolute attenuation, TCSI demonstrated the 
highest diagnostic utility in the CMP, where statistically sig-
nificant differences were identified between nearly all Bos-
niak categories. Exceptions included comparisons between 
categories I and II, and between category IV cysts and the 
reference group, the latter of which has been addressed in 
detail above (Table 6).

Differentiation of Bosniak IIF cystic lesions

Differences in mean SI and TCSI between benign and 
malignant cystic lesions (cystic ccRCC) were systemati-

HU – Hounsfield units, ccRCC – clear cell RCC, pRCC – papillary RCC, chRCC – chromophobe RCC, OC – oncocytoma, AML – angiomyolipoma, PA – papillary adenoma, UTUC – upper tract urothelial 
carcinoma, NCP – non-contrast phase, CMP – corticomedullary phase, NP – nephrographic phase, EP – excretory phase

Figure 6. Heatmap visualization of signal intensity and tumor-to-cortex ratio across computed tomography (CT) phases in renal masses and their histologic 
subtypes
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Figure 7. Principal component analysis (PCA) of computed tomography 
(CT)-based markers – signal intensity (SI) and tumor-to-cortex signal in-
tensity ratio (TCSI)
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cally evaluated. Among Bosniak category IIF cysts, sta-
tistically significant differences in mean SI values were 
observed between benign and malignant lesions across 
all contrast-enhanced CT phases, except for the NCP 
(p = 0.109), with measurements obtained using ROIs 

encompassing the entire lesion volume. In all contrast 
phases, benign cysts exhibited consistently lower SI 
values compared to malignant ones. Specifically, in the 
CMP, the mean SI value of benign Bosniak IIF cysts was 
31.42 ± 8.05 HU, whereas malignant cysts demonstrated 

Figure 8. Multiphase computed tomography data of 55-year-old patient, with an exophytic tumor of the posterior segment of the left kidney measuring 
4.21 × 4.10 × 3.60 cm. The region of interest is located above the tumor. A) axial projection, corticomedullary phase, signal intensity (SI) = 91.45 HU, 
tumor-to-cortex signal intensity ratio (TCSI) = 0.75; B) axial projection, nephrographic phase, SI = 76.15 HU, TCSI = 0.63; C) axial projection, excretory 
phase, SI = 73.12 HU, TCSI = 0.82; D) sagittal projection, corticomedullary phase, tumor indicated by arrow. The patient underwent partial nephrectomy. 
Pathologic diagnosis: clear cell renal cell carcinoma of the left kidney, pT1bN0M0, International Society of Urological Pathology (ISUP) grade III

Figure 9. Multiphase computed tomography data of 68-year-old patient, axial projection, papillary renal cell carcinoma of the upper anterior segment of the 
right kidney measuring 5.6 × 4.7 × 4.3 cm, International Society of Urological Pathology (ISUP) grade II; the region of interest is located above the tumor. 
A) corticomedullary phase, signal intensity (SI) = 117.23 HU, tumor-to-cortex signal intensity ratio (TCSI) = 1.05; B) nephrographic phase, SI = 73.45 HU, 
TCSI = 0.73; C) excretory phase, SI = 65.84 HU, TCSI = 0.75
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significantly higher values, averaging 50.15 ± 14.78 HU 
(p = 0.004).

A comparable pattern was observed in the evaluation 
of the TCSI, with statistically significant differences in 
mean TCSI values between benign and malignant Bos-
niak IIF cysts identified across all contrast-enhanced CT 
phases, with the exception of the NCP (p = 0.721). In all 
phases, malignant lesions demonstrated consistently high-
er TCSI values relative to benign cysts. Specifically, in the 
CMP, the mean TCSI for benign lesions was 0.29 ± 0.08, 
whereas malignant lesions exhibited a significantly el-
evated mean value of 0.41 ± 0.12 (p = 0.017) (Figure 11, 
Table 7).

In the differentiation between benign and malignant 
Bosniak IIF cysts based on SI, the highest diagnostic per-
formance was observed in the CMP: at an optimal thresh-
old of 34.81 HU, sensitivity and specificity reached 100% 
and 77.8%, respectively (AUC = 0.910; 95% CI: 0.754-
1.000; p = 0.004). Improved diagnostic accuracy was 
achieved using the TCSI ratio calculated from EP images: 
at a cutoff value of 0.40, the method yielded a sensitivity 

of 88.9%, specificity of 100%, and an AUC of 0.951 (95% 
CI: 0.847-1.000; p = 0.001) (Figure 12).

Differentiation of Bosniak III and IV cystic lesions

SI and TCSI of the solid components within Bosniak 
category III and IV cystic renal lesions were evaluated 
to differentiate benign from malignant pathology. Cat-
egories III and IV were combined to increase the sample 
size of benign cases. A statistically significant difference 
in mean SI of the solid components was identified on 
EP of CT images, where benign lesions demonstrated 
lower attenuation values compared to malignant ones 
(60.10 ± 15.67 HU vs. 75.62 ± 12.16 HU, p = 0.018, 
t = 2.499). Notably, in the CMP, the mean SI of solid com-
ponents in malignant cysts closely approximated that of 
solid ccRCC (105.50 ± 27.02 HU vs. 106.20 ± 24.32 HU, 
respectively), whereas the SI values in benign cysts were 
comparable to those observed in benign solid renal tu-
mors (85.73 ± 34.90 HU vs. 85.35 ± 20.08 HU, respective-
ly). No statistically significant difference in mean TCSI 

Figure 10. Multiphase computed tomography data of 56-year-old patient, axial projection, oncocytoma of the posterior segment of the right kidney meas-
uring 6.69 × 6.34 × 5.56 cm; the region of interest is located above the tumor. A) pre-contrast image, signal intensity (SI) = 39.34 HU, tumor-to-cortex 
signal intensity ratio (TCSI) = 1.29; B) corticomedullary phase, SI = 102.23 HU, TCSI = 0.86; C) nephrographic phase, SI = 97.45 HU, TCSI = 1.05; D) excretory 
phase, SI = 69.46 HU, TCSI = 0.83
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Table 5. Mean attenuation values of renal cystic masses > 4 cm across different computed tomography phases

Bosniak class N Pre-contrast phase  
(mean ± SD)

CMP  
(mean ± SD)

NP  
(mean ± SD)

EP  
(mean ± SD)

Bosniak I, HU 10 5.57 ± 3.27 11.24 ± 2.54 10.99 ± 3.47 9.35 ± 1.69

Bosniak II, HU 11 10.70 ± 2.99 16.65 ± 5.23 19.35 ± 3.92 11.39 ± 3.98

Bosniak IIF, HU 18 26.94 ± 5.95 40.78 ± 15.04 34.58 ± 15.18 38.45 ± 10.48

Bosniak III, HU 16 38.19 ± 6.12 79.33 ± 21.78 76.89 ± 23.92 68.72 ± 17.59

Bosniak IV, HU 15 41.68 ± 6.02 112.27 ± 23.01 88.61 ± 26.21 74.39 ± 13.81

Reference, HU 30 30.84 ± 6.51 119.38 ± 13.21 115.11 ± 36.03 85.52 ± 11.34

Statistical significance (p-values)

   Bosniak I vs. II 0.324 0.970 0.974 0.998

   Bosniak I vs. IIF < 0.001 < 0.001 0.179 < 0.001

   Bosniak I vs. III < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak I vs. IV < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak I vs. reference < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak II vs. IIF < 0.001 0.002 0.617 < 0.001

   Bosniak II vs. III < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak II vs. IV < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak II vs. reference < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak IIF vs. III < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak IIF vs. IV < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak IIF vs. reference 0.213 < 0.001 < 0.001 < 0.001

   Bosniak III vs. IV 0.538 < 0.001 0.790 0.764

   Bosniak III vs. reference 0.001 < 0.001 < 0.001 < 0.001

   Bosniak IV vs. reference < 0.001 0.719 0.016 0.041
CMP – cortico-medullary phase, EP – excretory phase, NP – nephrographic phase, SD – standard deviation

values was observed between benign and malignant le-
sions in this cohort (p > 0.05).

These findings support the clinical relevance of separately 
assessing the attenuation of solid components within Bos-
niak III and IV cysts, in addition to whole-lesion measure-
ments, to enhance the differential diagnosis of malignant ver-
sus benign lesions. Application of an attenuation threshold of 
59.75 HU for the solid component allowed differentiation of 
malignant cystic lesions with a sensitivity of 88.5% and speci-
ficity of 60% (AUC = 0.762; 95% CI: 0.486-0.998; p = 0.049).

No statistically significant differences in either SI or TCSI 
values were observed between low-grade and high-grade 
cystic ccRCCs according to the Fuhrman grading system 
(p > 0.05).

The following figures demonstrate the application of tu-
mor SI and the tumor-to-normal renal parenchyma attenu-
ation ratio for the characterization of renal masses exceeding 
4 cm in diameter (Figures 13 and 14).

Differentiation of metastatically involved lymph nodes

To assess the attenuation characteristics of regional lymph 
nodes with (pathologically node-positive – pN1) and 
without (pathologically node-negative – pN0) metastatic 

involvement in patients with RCC following radical ne-
phrectomy, pathological findings were correlated with 
CT-derived data obtained in different contrast-enhanced 
phases. The analysis was limited to paraaortic lymph 
nodes on the ipsilateral side of the tumor. 
Patients with pN1 disease and lymph nodes measuring 
≥ 1.5 cm in the short axis, all of which demonstrated 
metastatic infiltration on histopathological examination 
(n = 15; size range: 1.50-3.22 cm; mean: 1.94 ± 0.51 cm), 
were compared to those with lymph nodes ≤ 1 cm in 
the short axis that were histologically confirmed as 
non-metastatic (n = 18; size range: 0.75-1.00 cm; mean: 
0.95 ± 0.09 cm).

In the pN1 subgroup, mean attenuation values in 
the NCP, CMP, NP, and EP were 25.64 ± 11.93 HU, 
30.13 ± 17.07 HU, 28.87 ± 15.58 HU, and 24.94 ± 10.93 HU,  
respectively. Corresponding values in the pN0 group were 
27.17 ± 12.15 HU, 34.20 ± 16.53 HU, 29.47 ± 15.07 HU, 
and 24.47 ± 10.84 HU. Despite the observed differences 
in mean SI values between the groups, the relatively high 
standard deviations and overlapping CI across all CT 
phases indicate substantial intra-group variability and 
fluctuation; none of the comparisons reached statistical 
significance (p > 0.05) (Figure 15).
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Table 6. Mean tumor-to-cortex signal intensity ratio values of renal cystic masses > 4 cm across different computed tomography phases

Bosniak class N Pre-contrast phase  
(mean ± SD)

CMP  
(mean ± SD)

NP  
(mean ± SD)

EP  
(mean ± SD)

Bosniak I 10 0.23 ± 0.17 0.09 ± 0.02 0.11 ± 0.06 0.11 ± 0.02

Bosniak II 11 0.37 ± 0.14 0.14 ± 0.04 0.16 ± 0.04 0.15 ± 0.06

Bosniak IIF 18 0.95 ± 0.31 0.35 ± 0.12 0.30 ± 0.16 0.42 ± 0.15

Bosniak III 16 1.23 ± 0.33 0.64 ± 0.17 0.75 ± 0.36 0.76 ± 0.22

Bosniak IV 15 1.59 ± 0.40 0.97 ± 0.22 0.85 ± 0.36 0.81 ± 0.19

Reference 30 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0

Statistical significance (p-values)

   Bosniak I vs. II 0.766 0.914 0.996 0.984

   Bosniak I vs. IIF < 0.001 < 0.001 0.238 < 0.001

   Bosniak I vs. III < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak I vs. IV < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak I vs. reference < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak II vs. IIF < 0.001 < 0.001 0.526 < 0.001

   Bosniak II vs. III < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak II vs. IV < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak II vs. reference < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak IIF vs. III 0.025 < 0.001 < 0.001 < 0.001

   Bosniak IIF vs IV < 0.001 < 0.001 < 0.001 < 0.001

   Bosniak IIF vs. reference 0.987 < 0.001 < 0.001 < 0.001

   Bosniak III vs. IV 0.002 < 0.001 0.789 0.879

   Bosniak III vs. reference 0.052 < 0.001 0.004 < 0.001

   Bosniak IV vs. reference < 0.001 0.981 0.247 < 0.001
CMP – cortico-medullary phase, EP – excretory phase, NP – nephrographic phase, SD – standard deviation

Figure 11. Boxplot of signal intensity (SI) and tumor-to-cortex signal intensity ratio (TCSI) in benign and malignant Bosniak IIF cysts > 4 cm across computed 
tomography (CT) phases

HU – Hounsfield units, NCP – non-contrast phase, CMP – corticomedullary phase, NP – nephrographic phase, EP – excretory phase
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Additionally, to evaluate the diagnostic utility of 
CT-derived markers in differentiating pN1 from pN0 
paraaortic lymph nodes in patients with RCC, percent-
age changes in SI during contrast-enhanced phases were 
calculated relative to the NCP. In the CMP, the mean 
percentage SI change was +5.6 ± 25.4% for pN1 and 
+7.3 ± 24.6% for pN0 nodes (p = 0.74). In the NP, the 
changes were +4.5 ± 24.5% for pN1 and +7.8 ± 21.8% 
for pN0 (p = 0.62). In the EP, the SI decreased slightly 
in both groups, with mean changes of –2.7 ± 24.6% for 
pN1 and –0.5 ± 20.6% for pN0 (p = 0.58). ROC analysis 
demonstrated limited discriminatory performance, with 
AUC values of 0.43 (p = 0.73) for CMP, 0.55 (p = 0.58) for 
NP, and 0.61 (p = 0.29) for EP. The best diagnostic per-
formance was achieved in the EP, yielding a sensitivity of 
93.3% and a specificity of 26.7% at an optimal threshold 

corresponding to a negative percentage change in attenu-
ation (ΔSI < 0%) (Figure 16). These results suggest that 
percentage changes in attenuation values across contrast-
enhanced phases provide suboptimal differentiation be-
tween metastatic and non-metastatic lymph nodes in this 
clinical context.

Discussion
Cross-sectional imaging modalities, particularly MRI, 
have proven valuable in assessing RCC characteristics, 
including histologic subtype, tumor recurrence, and re-
sponse to systemic therapy, as well as thrombus composi-
tion in advanced disease [23-26]. However, CT remains 
the most widely used modality for preoperative assess-
ment due to its availability and integration into standard 
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Table 7. Statistical analysis of signal intensity (SI) and tumor-to-cortex signal intensity ratio (TCSI) values for benign and malignant Bosniak IIF cysts across 
computed tomography phases

CT phase Bosniak IIF benign, (n = 9) Bosniak IIF malignant (ccRCC), (n = 9) P benign vs. 
malignant

t benign vs. 
malignant

SI

   Pre-contrast phase, HU 24.68 ± 5.09 29.20 ± 6.15 0.109 1.699

   CMP, HU 31.42 ± 8.05 50.15 ± 14.78 0.004 3.340

   NP, HU 24.31 ± 6.66 44.85 ± 14.43 0.002 3.877

   EP, HU 30.56 ± 7.34 46.34 ± 6.27 < 0.001 4.907

TCSI

   Pre-contrast phase 0.98 ± 0.37 0.92 ± 0.26 0.721 0.364

   CMP 0.29 ± 0.08 0.41 ± 0.12 0.017 2.660

   NP 0.21 ± 0.07 0.38 ± 0.19 0.026 2.610

   EP 0.32 ± 0.08 0.53 ± 0.13 < 0.001 4.461
CT – computed tomography, EP – excretory phase, HU – Hounsfield units, SD – standard deviation, ccRCC – clear cell renal cell carcinoma, CMP – corticomedullary phase, NP – nephrographic phase

Figure 12. Region of interest (ROC) curves for signal intensity (SI) and tumor-to-cortex signal intensity ratio (TCSI) ratio in differentiating benign and 
malignant Bosniak IIF cysts > 4 cm

CT phase
NCP (AUC = 0.728)
CMP (AUC = 0.901)
NP (AUC = 0.926)
EP (AUC = 0.951)

CT phase
NCP (AUC = 0.420)
CMP (AUC = 0.815)
NP (AUC = 0.852)
EP (AUC = 0.951)

AUC – area under the curve, NCP – non-contrast phase, CMP – corticomedullary phase, NP – nephrographic phase, EP – excretory phase
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diagnostic pathways. Despite its routine use, conven-
tional CT has shown limited accuracy in distinguishing 
benign from malignant renal tumors, with reported di-
agnostic performance as low as 17% in certain cohorts 
– contributing to high rates of unnecessary nephrecto-
mies, up to one-third of which reveal benign histology. 

Our findings address this diagnostic gap by demonstrat-
ing that simple, quantitative biomarkers – specifically SI 
and TCSI ratio – derived from MCECT can significantly 
improve lesion characterization. The diagnostic utility of 
these enhancement-based parameters, particularly when 
measured across multiple CT phases, offers a substantial 

Figure 13. Multiphase computed tomography images of a 49-year-old female patient with a Bosniak I cyst located in the lower pole of the left kidney, meas-
uring 8.20 × 7.88 × 7.78 cm. Region of interest placed over the cystic component. A) non-contrast phase, signal intensity (SI) = 5.43 HU, tumor-to-cortex 
signal intensity ratio (TCSI) = 0.23; B) corticomedullary phase, SI = 5.56 HU, TCSI = 0.09; C) excretory phase, SI = 6.45 HU, TCSI = 0.10

Figure 14. Multiphase computed tomography images (axial view) of a 58-year-old male patient with a Bosniak IV cyst located in the lower pole of the left 
kidney, measuring 9.45 × 8.16 × 8.09 cm. A central small calcification is visible within the cyst. Region of interest placed over the enhancing solid compo-
nent (arrow). A) corticomedullary phase, signal intensity (SI) = 109.67 HU, tumor-to-cortex signal intensity ratio (TCSI) = 0.89; B) nephrographic phase, 
SI = 87.43 HU, TCSI = 0.76; C) excretory phase, SI = 72.45 HU, TCSI = 0.89. The patient underwent radical nephrectomy. Histopathological diagnosis: cystic 
clear cell renal cell carcinoma, pT2aN0M0, Fuhrman grade III
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advantage over subjective radiological interpretation. 
These results corroborate previous evidence linking vas-
cular enhancement patterns on CT to tumor histology 
[20,21,27,28] and extend this approach by providing re-
producible, phase-specific thresholds applicable to renal 
masses > 4 cm. In this context, our study proposes a clini-
cally accessible, non-invasive method that enhances di-
agnostic confidence and supports individualized surgical 
decision-making.

Differentiation of solid lesions

Signal SI in the EP proved highly effective for distinguish-
ing RCC from other solid renal neoplasms in our study. 
An absolute attenuation threshold (approximately 55 HU 
on EP images) captured nearly all RCCs while excluding 
a substantial proportion of benign lesions. This observa-
tion is consistent with the well-established hyperenhance-
ment of malignant renal tumors. For example, Young et 
al. [27] found that ccRCCs enhance to much higher peak 
values than OC or other subtypes (on average ~125 HU vs. 
~106 HU in CMP). Similarly, Kim et al. [28] reported that 
clear cell carcinomas showed significantly greater enhance-
ment than fat-poor AMLs and chRCCs in early and delayed 
phases. Our data reinforce these trends: clear cell tumors 
in our cohort tended to retain higher attenuation on EP 
than benign lesions, reflecting slower contrast washout and 
richer vascular supply. Notably, using the TCSI ratio did not 
substantially improve the discrimination between RCC and 
benign masses in this context. This suggests that absolute 
tumor vascularity (likely reflecting neoangiogenesis) is the 
dominant differentiator, whereas normalizing to cortical 
enhancement may dampen the contrast between hyper-
vascular tumors and the renal parenchyma. In practice, 
therefore, a straightforward measurement of lesion HU on 
delayed images can alert radiologists to a high likelihood of 
malignancy, an approach that could be readily incorporated 
into routine CT interpretations. This is consistent with re-

cent advances in computer-aided diagnostic approaches, 
which aim to enhance lesion characterization and improve 
diagnostic accuracy [29,30].

Histological subtypes

Our analysis of RCC histological subtypes further un-
derscores the clinical relevance of enhancement-based 
biomarkers. We observed distinct enhancement profiles 
for clear ccRCC, pRCC, and chRCC. In the CMP, chRCC 
demonstrated significantly lower enhancement than ccRCC 
and pRCC (p < 0.01), consistent with its known lower mi-
crovascular density. This finding mirrors previous reports: 
for instance, Kim et al. [28] noted mean corticomedullary 
attenuation of ~85 HU for chromophobe vs. 140 HU for 
ccRCC. ccRCC in our study showed the widest range of 
SI values and the highest peak enhancements, reflecting 
the heterogeneous angiogenesis characteristic of this sub-
type. pRCC, by contrast, generally exhibited more mod-
est enhancement. Although our cohort’s papillary tumors 
occasionally reached high attenuation values (and we did 
not find a significant CMP difference between ccRCC and 
pRCC, likely due to sample size and subtype I/II mix), the 
overall trend aligns with the literature documenting that 
papillary lesions are hypovascular relative to clear cell 
tumors [31]. Yang et al. [30] reported ccRCC enhancing 
roughly twice as strongly as pRCC on average (125 HU 
vs. 54 HU in early phase), which underscores how diver-
gent their vascular characteristics can be. It is important 
to note that despite these trends, overlap exists – as evi-
denced by the range of clear cell enhancements and our 
finding that ccRCC and pRCC could not be fully separated 
by any single threshold in the CMP. The TCSI metric did 
not add discriminative power for subtype classification in 
our data (except for a subtle difference between pRCC and 

HU – Hounsfield units, NCP – non-contrast phase, CMP – corticomedullary phase, NP –  
nephrographic phase, EP – excretory phase, pN1 – pathologically node-positive, pN0 – patho-
logically node-negative AUC – area under the curve, CMP – corticomedullary phase, NP – nephrographic phase,  

EP – excretory phaseFigure 15. Signal intensity distribution in pN1 vs pN0 lymph nodes across 
computed tomography (CT) contrast phases
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chRCC), indicating that both tumor and cortex tended to 
enhance proportionally across subtypes. Overall, our results 
demonstrated that ccRCCs are markedly hyperenhancing 
lesions, whereas chRCCs and pRCCs enhance less avidly 
or peak in later phases. This information could aid clinical 
decision-making; for instance, patients with likely indolent 
papillary tumors might be candidates for nephron-sparing 
approaches or active surveillance in select scenarios, where-
as those with hypervascular clear cell lesions may warrant 
closer monitoring for metastases even after resection. Re-
cent studies employing radiomics and machine learning 
approaches using CT-based features for RCC characteriza-
tion have reported high diagnostic performance, with AUC 
values ranging from 0.81 to 0.95 across various models [32-
35]. However, their clinical applicability remains limited 
due to challenges in standardization, external validation, 
and integration into routine diagnostic workflows.

Characterization of cystic lesions

Perhaps the most impactful application of SI and TCSI 
biomarkers in our study is in refining the diagnosis of 
complex cystic renal masses, particularly Bosniak IIF le-
sions. These indeterminate cysts pose a well-known man-
agement dilemma: only a minority will progress or prove 
malignant, yet conventional imaging has been insufficient 
to confidently distinguish benign from malignant cysts 
without interval growth or change [36]. Crucially, once 
a Bosniak IIF lesion demonstrates suspicious features 
and is referred for surgical intervention, histopathologi-
cal analysis often confirms malignancy [37]. This under-
scores the clinical importance of accurate preoperative 
characterization to guide management decisions. In our 
series, 50% of resected Bosniak IIF cysts were ultimately 
cystic RCCs, reflecting an enriched surgical cohort. Our 
data indicate that CT enhancement measurements can 
stratify risk before overt progression occurs. We found 
that malignant Bosniak IIF cysts exhibited significantly 
higher contrast enhancement than benign cysts in each 
post-contrast phase (e.g., on CMP, cystic RCCs averaged 
~50 HU vs. ~30 HU for benign cysts). This translated to 
excellent diagnostic performance: using a simple thresh-
old of ~35 HU in the CMP, our approach achieved 100% 
sensitivity for malignancy, while a TCSI cutoff of 0.4 in 
the EP yielded nearly 90% sensitivity and 100% specificity. 
To our knowledge, such high diagnostic performance for 
Bosniak IIF lesions on CT has not been previously report-
ed. By enabling more confident differentiation of benign 
vs. malignant Bosniak IIF lesions, our CT-based biomark-
ers could help address both issues: identifying those “hid-
den” malignancies within Bosniak IIF that merit timely 
surgery, and conversely sparing truly benign cysts (or in-
dolent low-grade tumors) from unnecessary intervention. 
Our study provides a CT-based method that is widely ac-
cessible and could be readily incorporated into radiology 
workflows, potentially serving as a decision tool for urol-

ogists when counseling patients with Bosniak IIF cysts. 
Compared to recent CT-based radiomics models for clas-
sifying Bosniak IIF–IV cysts – which achieved outstand-
ing diagnostic accuracy with AUCs up to 0.972 [38] and 
0.941 [39] – our study offers a more accessible approach 
based on standard enhancement metrics rather than 
high-dimensional feature extraction and machine learn-
ing pipelines. While these radiomics models demonstrate 
excellent performance, their clinical implementation re-
mains limited by complexity and lack of standardization, 
highlighting the potential utility of simpler multiphase CT 
biomarkers, as demonstrated in our analysis.

pN1 and pN0 lymph nodes

Our study demonstrated that CT-derived SI values could 
not reliably distinguish metastatic (pN1) from non-met-
astatic (pN0) lymph nodes in RCC, with area under the 
ROC curve < 0.61, reflecting significant overlap. These 
findings align with a comprehensive review by Tadayoni  
et al. [40-42], wherein CT criteria (≥ 1 cm short-axis) 
exhibited moderate sensitivity (~78%) and specific-
ity (~83.5%), whereas MRI showed higher sensitivity  
(92-95.7%) and FDG‑PET demonstrated 100% specific-
ity but limited sensitivity (~75). The authors suggest that 
combining high-sensitivity MRI (to rule out disease) with 
high-specificity PET (to confirm metastases) may opti-
mize nodal staging – an approach that our results support, 
given CT’s limitations in identifying micrometastatic or 
reactive lymph nodes.

Limitations
Our study has several limitations. First, it was a retrospec-
tive, single-center analysis with a moderate sample size. 
Second, histopathological confirmation was unavailable 
for some benign cystic lesions due to the adoption of con-
servative management approaches. External validation in 
independent cohorts is essential prior to the clinical im-
plementation of SI- and TCSI-based imaging biomarkers. 
Integration with radiomics and artificial intelligence (AI)-
based classifiers may further enhance diagnostic accuracy 
and facilitate risk stratification, surveillance, and surgical 
decision-making for indeterminate renal masses.

Conclusions
Multiphase CT-derived SI and TCSI ratio provide acces-
sible, reproducible markers for the non-invasive character-
ization of large solid and cystic renal masses > 4 cm in size. 
These parameters demonstrated high diagnostic accuracy 
in distinguishing malignancy, histologic subtype, and tu-
mor grade, particularly in the corticomedullary and excre-
tory phases. Their incorporation into routine CT workflows 
may enhance preoperative risk stratification and serve as 
a basis for future AI-integrated diagnostic models.
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