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Background: Radiogenomics offers a non-invasive approach to
correlate imaging features with tumor molecular profiles. This
study aims to identify computed tomography (CT) imaging
characteristics associated with positive NIPA-like domain con-
taining 4 (NIPAL4) expression in clear cell renal cell carcinoma
(ccRCC) and to develop a radiogenomic predictive model to
support personalized risk stratification.
Methods: A retrospective analysis was conducted on 241
ccRCC patients from The Cancer Genome Atlas (TCGA)
and The Cancer Imaging Archive (TCIA) databases. Clinical,
pathological, and CT features were compared between NIPAL4-
positive and NIPAL4-negative groups. A penalized logistic
regression model was built to predict NIPAL4 expression,
and its performance was assessed using Receiver Operating
Characteristic (ROC) and Decision Curve Analysis (DCA).
Additionally, unsupervised K-means clustering was used to
identify radiologic phenotypes, and a nomogram was developed
to enable individualized risk estimation.

Results: Among 241 ccRCC patients, 29 (12.03%) showed pos-
itive NIPAL4 expression. Compared to NIPAL4-negative cases,
positive expression was significantly associated with larger
tumor size (median 70.5 mm vs. 52 mm, p = 0.0371), ill-
defined margins (61.5% vs. 32.4%, p = 0.0077), perinephric
adipose tissue stranding (76.9% vs. 50.0%, p = 0.0114), renal
vein thrombosis (24.0% vs. 4.7%, p = 0.021), Gerota’s fascia
thickening (61.5% vs. 35.2%, p = 0.0163), and collecting sys-
tem invasion (52.0% vs. 26.5%, p = 0.0171). A multivariate
penalized logistic regression model incorporating these features
achieved an AUC of 0.973% and 92.1% accuracy in predicting
NIPAL4 positivity.
Conclusions: Positive NIPAL4 expression in ccRCC is sig-
nificantly associated with aggressive CT features—particularly
perinephric adipose tissue stranding, ill-defined margins,
and renal vein thrombosis. A radiogenomic model based
on these features achieved excellent predictive performance
(AUC = 0.973), supporting its potential role in non-
invasive risk stratification and personalized clinical decision-
making.
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Introduction

Radiogenomics explores the association between
image-based features and genomic alterations.1,2

Imaging methods provide a macroscopic perspec-
tive on molecular activity, collectively referred to as
radiologic phenotypes.1,2 The Cancer Genome Atlas
(TCGA) Research Network offers an extensive dataset
on gene expression profiles and genetic mutations
related to clear cell renal cell carcinoma (ccRCC).3,4

Radiogenomic analysis presents multiple important
advantages. In contrast to biopsy procedures, it is
entirely non-invasive, eliminating the potential risks
and complications tied to sample removal. Whereas
biopsies yield information limited to the sampled
area, radiogenomics assesses the entire tumor mass,
offering genomic insights across the whole lesion.
This broader perspective is essential for captur-
ing tumor heterogeneity, a critical factor in precise
prognostic evaluation. Traditional biopsies might
overlook key genetic alterations or expression pat-
terns that are vital for the development of targeted
treatment strategies.5–11

Additionally, radiogenomics facilitates longitu-
dinal monitoring of the tumor’s genomic profile
throughout follow-up, enabling assessment of how
genetic traits evolve in response to therapy. It
also supports the evaluation of multiple lesions at
once. Furthermore, imaging methods can measure
body composition and correlate it with genomic
characteristics.5

The magnesium transporter NIPA-like domain
containing 4 (NIPAL4) has recently gained attention
as a pivotal protein within the broader context of
biological sciences.12–14 NIPAL4 plays a crucial role
in regulating epidermal lipid metabolism and main-
taining magnesium ion (Mg2+) balance, with Mg2+

acting as a secondary messenger in numerous cellular
functions.15–17 Magnesium ions are closely associated
with key processes in tumor cells, including prolif-
eration, metabolic reprogramming, and resistance to
apoptosis.18,19

A recent study found that NIPAL4 is overex-
pressed in several tumor types, especially in ccRCC,
where its high expression correlates with poor prog-
nosis and advanced disease stages.20 Bioinformatic
and experimental analyses suggest that NIPAL4
plays a role in extracellular matrix remodeling,
lipid metabolism, and regulation of the TGF-β path-
way, key mechanisms in tumor progression and
immune cell infiltration. It has also been associated
with increased immune cell presence and immune
checkpoint expression, indicating its impact on the
tumor microenvironment. Interestingly, NIPAL4 does

not seem to influence tumor mutational burden or
microsatellite instability. These findings highlight
NIPAL4 as both a potential prognostic biomarker and
a promising target for new therapeutic strategies in
ccRCC.20

So far, the radiogenomic characteristics linked to
NIPAL4 expression in ccRCC have not been inves-
tigated. This retrospective work seeks to examine
the computed tomography (CT) features associated
with NIPAL4 positivity in ccRCC cases. Based on its
functional role, we hypothesize that NIPAL4 expres-
sion may be related to a more aggressive radiologic
presentation. A CT-based assessment could therefore
provide meaningful information on NIPAL4 expres-
sion patterns in ccRCC.

Materials and Methods

The cancer genome atlas
TCGA, a project supported by the National Cancer
Institute together with the National Human Genome
Research Institute, serves as a large-scale repository
of genomic alterations spanning more than 20 can-
cer types, including ccRCC. Contributing institutions
provided tissue samples after obtaining approval
from their respective institutional review boards,
and these specimens underwent extensive multiplat-
form genomic characterization. Complementing this
resource, The Cancer Imaging Archive (TCIA), also
funded by the National Cancer Institute, hosts a de-
identified collection of medical images in DICOM
format. Pretreatment imaging from TCIA is system-
atically matched with TCGA tissue samples through
unique identifiers, making both genomic and radio-
logic datasets publicly available.

In this study, we used data from The
Cancer Genome Atlas Kidney Renal Clear Cell
Carcinoma (TCGA-KIRC) dataset, available
through the Genomic Data Commons Data Portal
(https://portal.gdc.cancer.gov/), and matched
pretreatment contrast-enhanced CT scans from
The Cancer Imaging Archive (TCIA) (https://
www.cancerimagingarchive.net/). From TCGA,
we specifically analyzed RNA-seq gene expression
profiles for NIPAL4 together with the corresponding
clinicopathological information, while from TCIA
we retrieved DICOM-format CT images linked to
the same patients through unique TCGA identifiers.
The study population consisted of cases with
histologically confirmed ccRCC for which both
complete genomic and imaging datasets were
available, and with CT images of sufficient quality
for radiological assessment. Patients with incomplete
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data or with a history of surgical or interventional
procedures that could alter the radiologic appearance
were excluded from the analysis. A total of 241
patients were included in the study, of whom 212
(87.97%) showed negative NIPAL4 expression and 29
(12.03%) showed positive expression.

Data extraction and preprocessing
Clinical, genomic, and imaging data were obtained
from TCGA-KIRC and TCIA databases. Inclusion
criteria were: histologically confirmed ccRCC;
availability of matched genomic expression data for
NIPAL4 from TCGA; availability of pretreatment
contrast-enhanced CT scans from TCIA; and
sufficient image quality for radiological assessment.
Patients with incomplete genomic or imaging
datasets were excluded.

Genomic data were downloaded via the Genomic
Data Commons (GDC) Data Portal, and NIPAL4
expression was dichotomized based on the median
expression value. Radiological data were extracted
from TCIA in DICOM format and reviewed using
Horos v.4.0.0. Clinical-pathological data were
matched using TCGA code identifiers.

Image interpretation was independently
performed by two experienced radiologists (Federico
Greco, 9 years’ experience; Carlo Augusto Mallio,
13 years’ experience), blinded to clinical and
genomic information. Radiologic features were
assessed according to standardized CT evaluation
criteria. Preprocessing included anonymization,
standardization of window/level settings, and
exclusion of scans with artifacts or incomplete
imaging phases.

Imaging features
For each ccRCC case, CT scans were analyzed to char-
acterize a series of imaging parameters, including:
tumor size [measured in millimeters (mm)], composi-
tion (solid vs. cystic), margin definition (well-defined
or ill-defined), tumor necrosis (evaluated only in solid
lesions and classified as 0%, 1%–33%, 34%–66%, or
>66%), growth pattern (endophytic, <50% exophytic,
or ≥50% exophytic), calcifications (present or absent),
laterality (right or left kidney), evidence of collateral
vascular supply (e.g., macroscopically enlarged renal
capsular veins visible on CT or MRI), intralesional
hemorrhage, infiltration, collecting system invasion,
hydronephrosis, renal artery thrombosis, and renal
vein thrombosis.5,21–23

Additional CT findings considered were the pres-
ence of Gerota’s fascia thickening and perirenal fat
stranding.5,22,23

Tumor size was determined by recording the max-
imum axial diameter on contrast-enhanced images,
expressed in millimeters, consistent with prior radio-
genomic evaluations.5,21–23 Margins were classified as
well-defined when more than 90% of the lesion’s
circumference showed a sharp, “pencil-thin” inter-
face with the renal parenchyma, collecting system, or
perirenal adipose tissue in post-contrast scans.5,21–23

This evaluation was carried out with window settings
of width 400 and level 50.5,21–23

Tumors were labeled as cystic when at least half
(≥50%) of their volume consisted of clearly defined
cystic areas showing fluid attenuation values (≤20
Hounsfield units [HU]). Lesions with less than 50%
cystic content or entirely lacking it were classified as
solid.5,21–23

Tumor necrosis was evaluated during
nephrographic or excretory phases and identified
as non-enhancing hypodense areas lacking
distinct walls, allowing differentiation from cystic
regions.5,21–23 Calcifications were recognized as
hyperdense foci or plaques, with uncertain cases
confirmed when maximum HU values exceeded
60.5,21–23 Intralesional hemorrhage was detected
by identifying regions with attenuation values
typical of blood density (+30 to +80 HU).5,21–23 In
situations where hemorrhage and calcifications
exhibited overlapping HU values, two radiologists
specializing in oncologic imaging (Federico Greco,
9 years’ experience; Carlo Augusto Mallio, 13 years’
experience) reviewed morphological characteristics
to distinguish between them.5,21–23

Infiltration was defined as the spread of tumor
tissue into neighboring normal structures, observed
on post-contrast images.5,21–23 Hydronephrosis was
diagnosed by identifying urinary tract dilation on
enhanced scans.5,21–23 Thrombosis of the renal artery or
vein was determined by detecting intraluminal filling
defects consistent with thrombus presence in post-
contrast studies.5,21–23 Collecting system invasion was
assessed during the excretory phase and identified
by tumor-related filling defects within the collecting
system.5,21–23

All imaging characteristics were reviewed using
Horos v.4.0.0 RC2 software. The evaluation was car-
ried out by two radiologists (Federico Greco and
Carlo Augusto Mallio, with 9 and 13 years of expe-
rience, respectively), who reached a consensus while
being blinded to genomic and clinicopathological
information.5,21–23

Statistical methods
Statistical analyses were conducted to compare
clinical, pathological, and radiological features
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between NIPAL4-negative and NIPAL4-positive
patients. Continuous variables were expressed as
median and interquartile range (IQR) and compared
using the Mann-Whitney U test, while categorical
variables were analyzed using Pearson’s Chi-square
test or Fisher’s exact test, depending on distribution.
Statistical significance was set at p < 0.05.

AI-based analytical framework
In addition to traditional statistical analyses, our
study employed artificial intelligence methodolo-
gies to develop the predictive model. Specifically,
a penalized logistic regression (Ridge regression)
model was implemented using the Scikit-learn pack-
age in Python (v3.10), representing a supervised
machine learning approach. The model was trained
on a dataset incorporating clinical and radiologic
features and validated using 5-fold cross-validation.
To address class imbalance due to the limited num-
ber of NIPAL4-positive cases, we applied random
oversampling of the minority class. Additionally,
an unsupervised K-means clustering algorithm was
used to identify distinct radiologic phenotypes with-
out prior knowledge of molecular expression. The
source code used for model development and analy-
sis is available from the corresponding authors upon
request and can be made accessible via GitHub to
ensure transparency and reproducibility.

Results

Patients with positive NIPAL4 expression were sig-
nificantly older compared to those with negative
expression (median age 65 vs. 58 years, p = 0.0052).
Primary tumor size was also significantly larger in
the positive expression group (70.5 mm vs. 52 mm,
p = 0.0371). No significant differences were observed
regarding sex, laterality, tumor grade, or stage.

Several CT-based features were significantly asso-
ciated with positive NIPAL4 expression. Patients with
positive expression more frequently presented with
ill-defined tumor margins (61.54% vs. 32.37%, p =
0.0077), perinephric adipose tissue stranding (76.92%
vs. 50.00%, p = 0.0114), Gerota’s fascia thickening
(61.54% vs. 35.23%, p = 0.0163), collecting system
invasion (52.00% vs. 26.47%, p = 0.0171), and renal
vein thrombosis or infiltration (24.00% vs. 4.71%, p =
0.021). Hydronephrosis was also more frequent in the
positive group (12.00% vs. 1.74%, p = 0.0281) (Table 1
and Figure 1).

Other features, such as tumor composition, pres-
ence of calcifications, tumor necrosis, growth pattern,

and signs of infiltration, did not show statistically sig-
nificant differences between the two groups, although
some trends were noted.

The penalized logistic regression analysis iden-
tified invasive radiologic features, such as Gerota’s
fascia thickening, renal vein thrombosis, perinephric
adipose tissue stranding, and collecting system inva-
sion, as independent predictors of positive NIPAL4
expression. The model demonstrated robust predic-
tive performance with an AUC of 0.973 and a mean
accuracy of 92.1% (Figure 2).

The DCA revealed that the predictive model
offered a higher net clinical benefit compared to
“treat-all” and “treat-none” strategies across a
wide range of threshold probabilities (10%–80%)
(Figure 3). This indicates that integrating the model
into clinical workflows could enhance decision-
making by optimizing patient selection for further
diagnostic or therapeutic interventions based on
predicted NIPAL4 status.

The unsupervised cluster analysis stratified
patients into two distinct radiologic phenotypes.
One cluster, characterized by aggressive imaging
features, exhibited a markedly higher prevalence
of NIPAL4 positivity (20% vs. 7.7%), suggesting
a strong association between specific CT patterns
and underlying molecular aggressiveness
(Figure 4).

A nomogram was developed incorporating the
most relevant clinical and radiologic predictors,
allowing clinicians to estimate the probability of
positive NIPAL4 expression through a point-based
system. This tool facilitates personalized risk assess-
ment and supports non-invasive prognostication in
ccRCC patients (Figure 5).

To mitigate potential overfitting due to class
imbalance, a version of the model was retrained on
a balanced dataset using random oversampling. The
oversampled model retained perfect discriminative
performance (AUC = 1.0), identical to the original
model, confirming robustness. A comparative ROC
analysis is provided in Figure 6.

The agreement between the two radiologists for
each imaging feature was found to be excellent, with
a kappa value of 0.91, indicating a high level of
consistency in their assessments.

Discussion

In this study, we analyzed the association between
computed tomography CT features and NIPAL4
expression in patients with ccRCC. Our findings
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TABLE 1. Clinicopathological and radiological characteristics of patients with clear cell renal cell carci-
noma (ccRCC), stratified by NIPAL4 expression

Features Overall n = 241 Negative NIPAL4
expression n = 212

(87.97%)

Positive NIPAL4
expression n = 29

(12.03%)

p-value2

Clinical-pathological features
Age3 (years) 591 (26–88) 581 (26–88) 651 (40–85) 0.0052
Sex (males) 157 (65.42%) 136 (56.67%) 21 (8.75%) 0.524
Primary tumor size3 (mm) 531 (15–165) 521 (15–165) 70.51 (20–144) 0.0371
Laterality3 (right) 109 (52.91%) 95 (53.89%) 14 (53.85%) 0.863
Tumor grade3 (Fuhrman) 0.353

Low (G1-2) 85 (41.06%) 77 (42.54%) 8 (30.77%)
High (G3-4) 122 (58.94%) 104 (57.46%) 18 (69.23%)

Tumor stage3 (AJCC) 0.1517
Stage I 105 (51.47%) 97 (54.49%) 8 (30.77%)
Stage II 19 (9.31%) 15 (8.43%) 4 (15.38%)
Stage III 52 (25.49%) 43 (24.16%) 9 (34.62%)
Stage IV 28 (13.73%) 23 (12.92%) 5 (19.23%)

CT-based features
Collateral vascular supply3 110 (55.56%) 92 (53.49%) 18 (69.23%) 0.206
Tumor margins3 0.0077

Well defined 127 (63.82%) 117 (57.63%) 10 (38.46%)
Ill defined 72 (36.18%) 56 (32.37%) 16 (61.54%)

Tumor composition3 0.0733
Solid 185 (92.96%) 160 (92.49%) 25 (96.15%)
Cystic 14 (7.04%) 13 (7.51%) 1 (3.85%)

Tumor necrosis3 0.5236
0% 12 (6.03%) 11 (6.36%) 1 (3.85%)
1%–33% 119 (59.80%) 106 (61.27%) 13 (50.00%)
34%–66% 49 (24.62%) 41 (23.70%) 8 (30.77%)
>66% 19 (9.55%) 15 (8.67%) 4 (15.38%)

Tumor growth pattern3 0.468
Endophytic 13 (6.50%) 11 (6.32%) 2 (7.69%)
Exophytic < 50% 59 (29.50%) 54 (31.03%) 5 (19.23%)
Exophytic ≥ 50% 128 (64%) 109 (62.64%) 19 (73.08%)

Calcifications3 39 (19.50%) 33 (18.97%) 6 (23.08%) 0.0521
Signs of infiltrations3 4 (2.00%) 2 (1.14%) 2 (8.00%) 0.077
Hydronephrosis3 6 (3.05%) 3 (1.74%) 3 (12.00%) 0.0281
Thrombosis or infiltration of renal
artery3

3 (1.55%) 2 (1.18%) 1 (4.00%) 0.3404

Thrombosis or infiltration of renal
vein3

14 (7.18%) 8 (4.71%) 6 (24.00%) 0.021

Collecting system invasion3 58 (29.74%) 45 (26.47%) 13 (52.00%) 0.0171
Perinephric adipose tissue stranding3 108 (53.47%) 88 (50.00%) 20 (76.92%) 0.0114
Gerota’s fascia thickening3 78 (38.61%) 62 (35.23%) 16 (61.54%) 0.0163
Intralesional hemorrhage3 4 (2.05%) 2 (1.18%) 2 (8.00%) 0.0807

Note. 1Median (IQR); 2Mann-Whitney U test, Pearson’s Chi-square test, Fisher test; 3Data not available for all patients.
Values in bold indicate statistical significance set at p < 0.05.
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FIGURE 1. Anatomical section of a kidney affected
by clear cell renal cell carcinoma (ccRCC) with
positive NIPAL4 expression, generated using arti-
ficial intelligence. The image was created with a
text-to-image AI model (ChatGPT with DALL·E capa-
bilities, April 2025) and subsequently modified at
the author’s request to accurately depict the fol-
lowing features: dilation of the collecting system
(hydronephrosis), intraluminal thrombus in the sec-
tioned renal vein, thickening of Gerota’s fascia,
and edematous perirenal adipose tissue. The image
underwent multiple revision cycles with human
review and validation to ensure consistency with the
radiological features described in the manuscript. It
illustrates an aggressive phenotype consistent with
the radiogenomic profile associated with NIPAL4
expression

demonstrate that positive NIPAL4 expression corre-
lates with several radiologic features indicative of
an aggressive phenotype, supporting the hypoth-
esis that this magnesium transporter plays a role
in tumor progression and poor prognosis (Table 1
and Figure 1).

Previous studies have highlighted the importance
of radiogenomics in ccRCC, emphasizing its potential
to non-invasively predict molecular characteristics
and guide personalized treatment strategies.1,2,6,8

Radiogenomics connects imaging phenotypes with
underlying genetic profiles, offering insights into
tumor biology beyond what conventional imaging
or biopsy can provide.5,7,9 Our analysis contributes to
this emerging field, representing, to our knowledge,

FIGURE 2. Receiver Operating Characteristic (ROC)
curve of the multivariate penalized logistic regression
(Ridge) model developed to predict positive NIPAL4
expression in clear cell renal cell carcinoma (ccRCC)
patients. The model incorporated significant clinical
and radiological predictors, demonstrating a high
accuracy and an AUC of 0.973, indicating excellent
capability to distinguish between positive and nega-
tive NIPAL4 expression

the first study to explore the radiogenomic profile of
NIPAL4 in ccRCC.

NIPAL4 has recently been identified as a key
player in tumor biology due to its involvement in
lipid metabolism, extracellular matrix regulation, and
modulation of the tumor microenvironment.12,20 High
NIPAL4 expression has been associated with poor
prognosis, advanced clinicopathological stages, and
increased immune cell infiltration.20 Consistent with
these biological insights, we observed that patients
with positive NIPAL4 expression presented with
larger tumors and were older at diagnosis, suggesting
a link between NIPAL4 activity and more aggressive
tumor behavior.

One of the most relevant findings of our study was
the significant association between NIPAL4 positivity
and ill-defined tumor margins. Poorly defined mar-
gins on CT are often indicative of invasive growth
patterns and have been previously correlated with
worse outcomes in ccRCC.21–23 This observation aligns
with NIPAL4’s role in extracellular matrix remodel-
ing, a key process in tumor invasion and metastasis.20

Moreover, radiological signs such as perinephric
adipose tissue stranding and Gerota’s fascia
thickening were significantly more frequent in
NIPAL4-positive patients. These CT features are
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FIGURE 3. Decision Curve Analysis (DCA) is used
to evaluate the clinical utility of the penalized logis-
tic regression model for predicting positive NIPAL4
expression in clear cell renal cell carcinoma (ccRCC).
The model demonstrates a higher net benefit across
a wide range of threshold probabilities compared
to default strategies of treating all or no patients,
supporting its potential application in personalized
clinical decision-making

commonly associated with perirenal infiltration,
further supporting the hypothesis of an invasive
phenotype linked to NIPAL4 expression. Similar
associations have been reported in other
radiogenomic studies investigating genes involved
in tumor invasiveness and stromal interactions.5,22

Collecting system invasion and renal vein throm-
bosis were also significantly associated with NIPAL4
positivity. Both features are established markers of
advanced disease and are critical in staging due to
their prognostic significance.23,24

Beyond confirming that positive NIPAL4 expres-
sion correlates with CT features indicative of an
aggressive tumor phenotype, we developed and val-
idated a predictive model through penalized logistic
regression, demonstrating excellent discriminative
performance (AUC = 0.973). Importantly, the DCA
highlighted the model’s clinical utility, showing a sig-
nificant net benefit across a wide range of threshold
probabilities. This suggests that radiogenomic-based
prediction of NIPAL4 status could be effectively inte-
grated into clinical decision-making, aiding in risk
stratification and therapeutic planning.

The application of unsupervised cluster analy-
sis further revealed distinct radiologic phenotypes
within the ccRCC population. Patients grouped
within the invasive phenotype cluster exhibited a

markedly higher prevalence of NIPAL4 positivity,
supporting the concept that CT imaging can cap-
ture molecular-driven tumor aggressiveness. This
phenotypic stratification emphasizes the potential of
radiogenomics to non-invasively identify high-risk
patients who may benefit from intensified monitoring
or targeted therapies.

To translate these insights into a practical clini-
cal tool, we developed a nomogram based on key
radiologic and clinical predictors. This user-friendly
scoring system enables individualized estimation
of NIPAL4 positivity risk, aligning with precision
medicine principles and offering a non-invasive
method for prognostic assessment.

To reinforce the validity of our findings, we per-
formed additional analysis using a balanced dataset
through random oversampling. The predictive model
maintained optimal performance, suggesting that
the observed associations were not driven by class
imbalance. This step enhances confidence in the
model’s generalizability, despite the limited number
of NIPAL4-positive cases.

These integrated analyses reinforce the evolv-
ing role of radiogenomics as a bridge between
imaging and molecular oncology. By combining pre-
dictive modeling, decision analysis, and phenotypic
clustering, our approach provides a comprehensive
framework for enhancing personalized management
in ccRCC.

The correlation between NIPAL4 expression
and these radiologic findings suggests that this
transporter may contribute to pathways promoting
vascular invasion and dissemination, possibly
through modulation of TGF-β signaling and immune
interactions.20 The observed association between
NIPAL4 expression and perinephric adipose tissue
stranding may reflect more than a simple anatomic
extension of the tumor. In light of NIPAL4’s known
role in extracellular matrix remodeling and its
interaction with the TGF-β signaling pathway,20

the stranding may represent a fibroinflammatory
reaction driven by molecular mechanisms associated
with NIPAL4 overexpression. These mechanisms
could promote stromal activation, extracellular
matrix deposition, and alterations in peritumoral
fat composition, contributing to the aggressive
imaging phenotype seen in NIPAL4-positive ccRCC.
Interestingly, while many aggressive features were
associated with NIPAL4 expression, other parameters
such as tumor necrosis, calcifications, and growth
pattern did not show significant differences. This
suggests that NIPAL4-related aggressiveness may
be more specifically linked to invasive behavior
and stromal interaction rather than structural or
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FIGURE 4. Heatmap representation of radiologic features across two distinct phenotypes identified by unsu-
pervised K-means clustering. The cluster characterized by invasive imaging traits shows a higher prevalence
of positive NIPAL4 expression, highlighting the association between radiologic phenotype and molecular
aggressiveness

FIGURE 5. Nomogram derived from the penalized logistic regression model incorporating key clinical and
radiologic predictors of NIPAL4 positivity. Each variable contributes a specific point value, and the total score
corresponds to an individualized probability of positive NIPAL4 expression, providing a practical tool for
non-invasive risk stratification in ccRCC patients
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FIGURE 6. Receiver Operating Characteristic (ROC) curve comparison between the original penalized logistic
regression model and the oversampled version using balanced classes. Both models demonstrate excellent
discrimination (AUC = 1.0)

necrotic tumor changes. These nuances highlight
the complexity of radiogenomic correlations and
the need for further studies integrating multi-omics
approaches.6,10

The role of magnesium homeostasis in cancer biol-
ogy is gaining increasing attention, with evidence
suggesting that Mg2+ transporters like NIPAL4 influ-
ence key oncogenic pathways, including metabolic
reprogramming and apoptosis resistance.15–19 Our
findings support this paradigm, indicating that
NIPAL4 expression is not merely a passive marker but
potentially an active driver of tumor aggressiveness
observable through imaging.

The radiogenomic pattern associated with
NIPAL4 expression may enable a differential
imaging-based diagnosis compared to the most
common molecular mutations in ccRCC. Prior
radiogenomic studies have identified distinct
imaging features linked to specific genetic alterations.
Von Hippel-Lindau (VHL) and Polybromo1 (PBRM
1) mutations are more frequently observed in solid
tumors. VHL-mutated lesions typically display
well-defined margins, nodular enhancement, and
prominent intratumoral vascularity.24 BRCA1
Associated Protein 1 (BAP1) mutations are
associated with distinct phenotypic features,
including ill-defined margins, calcifications, and
renal vein invasion.24,25 In our cohort, NIPAL4-
positive tumors exhibited a distinct radiogenomic
profile, characterized by perinephric adipose
tissue stranding, Gerota’s fascia thickening, and
renal vein involvement. This suggests a unique

stromal-vascular invasive phenotype that may help
differentiate NIPAL4-driven tumors from other
molecular subtypes.

From a clinical perspective, identifying radio-
logic markers associated with NIPAL4 expression
could offer significant advantages. Non-invasive
prediction of molecular profiles can improve risk
stratification, guide biopsy decisions, and inform
therapeutic strategies, especially as NIPAL4 emerges
as a potential target for novel treatments.20 Integrating
radiogenomic data into routine imaging assessment
could enhance personalized management pathways
for ccRCC patients.9,11

However, certain limitations should be acknowl-
edged. The retrospective design and reliance on
publicly available datasets may introduce selection
bias. Additionally, the relatively small number of
patients with positive NIPAL4 expression limits the
generalizability of our findings. Furthermore, exter-
nal validation in independent cohorts is necessary to
confirm the generalizability and clinical applicability
of our model and nomogram.

Although features such as perinephric adipose
tissue stranding and ill-defined margins are not
pathognomonic and may also occur in benign condi-
tions such as inflammation or previous interventions,
our study relied exclusively on pretreatment CT scans
from the TCIA database. This approach excluded
potential confounding factors related to prior surgical
procedures. Imaging features were defined accord-
ing to standardized radiologic criteria and were
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assessed in consensus by two experienced radiolo-
gists, blinded to genomic data. Malignant infiltration
was not assumed; instead, statistical analysis was
used to correlate specific CT findings with NIPAL4
expression status.

Due to the retrospective nature of the study and
the use of public datasets, histological confirmation of
perinephric fat invasion was not available. Although
this limits direct radiologic-pathologic correlation
at the microscopic level, the observed associations
suggest that the imaging findings may reflect
underlying biological processes related to NIPAL4-
driven tumor aggressiveness. This hypothesis
warrants prospective validation through integrated
radiologic and histopathologic studies. Although
tumor size was significantly larger in NIPAL4-
positive tumors, subgroup analyses stratifying by
tumor size were not performed. This limitation
should be addressed in subsequent research to
confirm whether imaging features remain predictive
of NIPAL4 expression independently of tumor
size. Additionally, the integration of functional
imaging modalities and multi-omics data could
further refine radiogenomic profiling and expand its
predictive capabilities.

Conclusions

Our study demonstrates that advanced statistical
approaches significantly strengthen the association
between CT imaging features and NIPAL4 expres-
sion in ccRCC. The integration of predictive analytics,
clinical utility assessment, and phenotypic character-
ization paves the way for non-invasive, personalized
oncology, positioning radiogenomics as a valuable
tool in the prognostic and therapeutic landscape
of ccRCC.
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