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Artificial intelligence (AI) in radiology is often described as an external technological 
force: algorithms that detect nodules, triage hemorrhage, quantify liver fat, or classify 
mammographic abnormalities. The prevailing debate therefore centres on replace-

ment versus augmentation. Yet this framing may obscure a quieter and potentially more 
consequential transformation. The greater risk may not be that AI replaces radiologists from 
outside the profession, but that radiologists gradually adapt themselves—and their profes-
sional environment—toward forms of practice increasingly aligned with the operational logic 
of machine systems. Importantly, this process did not begin with deep learning or the recent 
AI boom. It has been underway for decades, driven by productivity metrics, standardisation 
protocols, and medicolegal pressures. AI then accelerates and deepens an existing drift rather 
than initiating it.

Radiology has always occupied a complex position between technical analysis and clinical 
interpretation. Imaging interpretation involves pattern recognition, but it also requires con-
textual integration: weighing findings against clinical history, communicating uncertainty, 
integrating temporal change, and understanding the implications of a report for a particular 
patient. As Osler1 observed more broadly in medicine, scientific generalisation must ultimate-
ly return to the care of singular individuals.

The concern developed here is therefore not directed against AI itself. Many AI systems 
demonstrably improve efficiency, reduce repetitive workload, and may enhance diagnostic 
performance in selected domains. Nor is standardisation inherently problematic; structured 
reporting, evidence‑based imaging pathways, and protocol harmonisation have often im-
proved consistency, communication, and patient safety. Rather, the concern is that existing 
institutional pressures—including productivity metrics, medicolegal anxieties, and workflow 
optimisation—may increasingly privilege those dimensions of radiological work that are easi-
est to standardise, quantify, and computationally integrate. This editorial refers to this process 
as mechanistic drift: the gradual reorientation of professional identity toward machine‑com-
patible modes of practice. The phenomenon predates contemporary AI and reflects broader 
industrial tendencies within modern medicine. AI amplifies these tendencies not because the 
technology is intrinsically dehumanising, but because computational systems naturally re-
ward tasks that are measurable, reproducible, and scalable.

Mechanistic drift

Contemporary radiology operates under substantial structural pressure. Relative value 
unit–based reimbursement systems, productivity metrics, turnaround‑time expectations, and 
protocol standardisation have improved throughput and consistency across many healthcare 
systems. These developments have undeniable practical value. Yet they may also produce 
secondary epistemic effects by privileging aspects of practice that are easiest to count and 
operationalise.

Activities such as rapid image interpretation, standardised reporting, and protocol adher-
ence are readily measurable. Other dimensions of radiological expertise—including reflec-
tive deliberation, extensive clinical correlation, communication with referring physicians, or 
nuanced contextual reasoning—are more difficult to quantify within institutional systems. 

İstanbul University Faculty of Medicine, Department 
of Radiology, İstanbul, Türkiye

 Şükrü Mehmet Ertürk
	 Editor-in-Chief
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Over time, this imbalance may subtly influ-
ence what becomes recognised as profes-
sional excellence. Crucially, this imbalance 
existed long before AI entered clinical radiol-
ogy. The introduction of AI merely intensifies 
an already established tendency: if a task can 
be measured, it can be optimised; if it can be 
optimised, it can be automated.

Clinical decision support systems illus-
trate this tension. Such systems were de-
veloped to improve appropriateness and 
reduce unnecessary imaging rather than to 
create “cookbook medicine.” Nevertheless, 
implementation within high‑volume envi-
ronments may unintentionally encourage 
guideline adherence to function as a surro-
gate marker for quality itself.2 Similarly, AI 
systems designed for detection support may 
gradually shape expectations regarding ef-
ficiency, concordance, and acceptable inter-
pretive variability.

The concern is therefore not that radiolo-
gists use AI tools, but that radiological cog-
nition itself may increasingly adapt toward 
machine‑compatible priorities. Pattern rec-
ognition, protocol recall, rapid triage, and 
workflow acceleration are valuable capaci-
ties. However, when these capacities become 
dominant markers of competence, other 
forms of judgment risk becoming institution-
ally secondary. Human beings, not algorithms, 
are the ones who progressively redesign their 
own professional territory to resemble the 
conditions under which machines excel.

Research on automation bias demon-
strates that clinicians may overaccept auto-
mated recommendations, particularly under 
conditions of cognitive load and workflow 
pressure.3,4 Existing literature does not es-
tablish that AI erodes professional identi-
ty directly. However, it does suggest that 
workflow environments can influence how 
human judgment is exercised, deferred, or 
verified. The present concern is therefore 
sociotechnical rather than deterministic: in-
stitutional systems may progressively incen-
tivise narrower forms of practice without any 
explicit intention to do so, and this tenden-
cy has been reinforced by successive waves 
of computational technology—not only by 
contemporary AI.

H‑knowledge and I‑knowledge

To clarify the epistemic stakes of mecha-
nistic drift, this editorial proposes a heuristic 
distinction between two poles of profession-
al knowledge. These categories are analytic 
rather than binary; most radiological practice 
contains elements of both.

H‑knowledge  (Human/Relational knowl-
edge) refers to forms of understanding 
grounded in contextual interpretation, em-
bodied experience, and moral answerability. 
In radiology, H‑knowledge includes integrat-
ing imaging findings with the patient’s clin-
ical narrative, recognising subtle contextual 
discordances, communicating uncertainty 
responsibly, and appreciating the down-
stream consequences of interpretation. It in-
cludes tacit dimensions of expertise that are 
difficult to formalise completely within algo-
rithmic systems. This conception draws partly 
from phenomenological traditions associat-
ed with Merleau‑Ponty,5 in which perception 
is not treated as passive data acquisition but 
as embodied and situated interpretation. 
H‑knowledge also resembles  phronesis, or 
practical wisdom: the capacity to integrate 
technical knowledge with situational judg-
ment under conditions of uncertainty.6

I‑knowledge  (Information/Digital knowl-
edge) refers to forms of knowledge struc-
tured for abstraction, scalability, standard-
isation, and computational manipulation. 
In radiology, this includes labelled imaging 
datasets, probabilistic classification systems, 
standardised reporting structures, and al-
gorithmically optimised workflows. I‑knowl-
edge is extraordinarily powerful precisely 
because it permits reproducibility, scalability, 
and pattern detection beyond unaided hu-
man capacity.

The distinction should not be interpret-
ed as a moral hierarchy. Human cognition 
itself depends heavily on abstraction and 
probabilistic reasoning, while advanced 
computational systems increasingly incor-
porate multimodal contextual information. 
The concern is therefore not abstraction per 
se, but the possibility that institutional sys-
tems may progressively privilege I‑oriented 
competencies while rendering H‑oriented 
competencies less visible, less rewarded, or 
less cultivable. If that occurs, professional 
identity may gradually shift toward narrow-
er definitions of expertise centred primarily 
on efficiency, concordance, and standardisa-
tion. Such a shift would not eliminate human 
radiologists, but it could reduce the practical 
space within which reflective judgment and 
contextual interpretation operate.

Answerability

The concept most vulnerable within 
mechanistic drift may be  answerability. By 
answerability, this essay refers not simply to 
legal accountability or procedural compli-

ance, but to the lived moral exposure associ-
ated with diagnostic judgment.

Radiological reports guide surgery, che-
motherapy, surveillance, reassurance, and 
prognostic expectation. A missed finding or 
overcalled abnormality may alter the course 
of a patient’s life. Human clinicians experi-
ence these consequences psychologically 
and ethically even when they satisfy formal 
procedural requirements. This differs funda-
mentally from computational systems, which 
may participate causally in clinical outcomes 
but do not themselves experience moral con-
sequence.

The distinction between accountability 
and answerability is therefore important. Ac-
countability may be satisfied through compli-
ance with guidelines or institutional workflow. 
Answerability involves a deeper phenomeno-
logical dimension: the recognition that one’s 
judgment has affected another person. A ra-
diologist may follow every procedural expec-
tation correctly yet still experience profound 
distress after a missed diagnosis. Conversely, 
a technically compliant system may generate 
harmful outcomes without any lived experi-
ence of responsibility.

The “second victim” phenomenon illus-
trates this dimension of medical practice.7 Ra-
diologists who miss consequential findings 
may experience guilt, anxiety, shame, and 
long‑lasting professional self‑doubt. Such re-
actions are painful but also reveal that diag-
nostic interpretation remains morally inhabit‑
ed rather than merely procedurally executed.

At the same time, the desire to minimise 
personal exposure to error may paradoxically 
reinforce mechanistic practice. Under medi-
colegal pressure, radiologists may increas-
ingly rely on protocol adherence, guideline 
conformity, or algorithmic concordance as 
forms of defensive protection. This tendency 
does not arise from moral failure but from 
understandable adaptation to institutional 
environments that reward standardisation 
and penalise deviation. Preserving answer-
ability does not require rejecting technologi-
cal assistance. Rather, it requires maintaining 
active interpretive engagement. Brief but 
meaningful practices—reviewing the clinical 
history carefully, comparing prior examina-
tions, communicating uncertainty directly, 
or discussing unexpected findings with refer-
ring clinicians—help preserve the relational 
grounding of radiological work even within 
technologically advanced systems.
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Structural incentives and professional ad‑
aptation

Mechanistic drift should not be under-
stood primarily as an individual cognitive 
failure. It is better interpreted as an adaptive 
response to broader structural incentives em-
bedded within healthcare systems. Moreover, 
these incentives have operated for decades, 
long before the recent proliferation of AI.

Reimbursement models often reward vol-
ume more directly than reflective consulta-
tion. Medicolegal frameworks may discour-
age deviation from standardised pathways 
even when contextual judgment suggests 
nuance. Commercial AI systems are frequent-
ly evaluated according to measurable perfor-
mance metrics such as sensitivity, specificity, 
throughput improvement, or workflow ac-
celeration rather than according to their ef-
fects on professional reasoning.

Institutionally, standardised error may also 
be perceived differently from individual devia-
tion. A radiologist who follows an accepted al-
gorithmic recommendation may be viewed as 
participating in a system‑level failure, where-
as independent deviation from protocol may 
attract greater scrutiny even when clinically 
justified. Over time, such asymmetries may 
subtly shape professional behaviour.

Yet it would be mistaken to frame this 
process as inevitable technological deter-
minism. Professional cultures retain agency 
in deciding what forms of expertise they 
choose to value, reward, and teach. The fu-
ture role of radiologists will depend not only 
on algorithmic capability, but also on how 
institutions define clinical excellence itself.

Preserving radiological judgment

Preserving radiological judgment does 
not require resisting AI wholesale. The chal-
lenge is to integrate computational systems 
in ways that support rather than displace ac-
tive interpretation.

For practicing radiologists, one practi-
cal strategy is to formulate an independent 
preliminary assessment before reviewing al-
gorithmic output whenever feasible. Explicit 
documentation of why a guideline or AI rec-
ommendation was overridden may also help 
preserve reflective reasoning rather than 
passive concordance.

For educators, training environments 
should ensure that residents continue devel-
oping unaided interpretive skills and contex-
tual clinical reasoning. Cases in which AI sys-
tems fail, oversimplify, or misclassify findings 
should be discussed not merely as technical 
errors, but as opportunities to examine the 
limits of computational abstraction.

For institutions, workflow architecture 
matters. Systems could be designed to en-
courage active preliminary interpretation be-
fore AI output becomes visible. Time protect-
ed for discrepancy review, multidisciplinary 
discussion, and reflective quality forums may 
help preserve the moral and interpretive 
dimensions of radiological practice.8 Impor-
tantly, such measures should not romanticise 
individual intuition at the expense of evi-
dence‑based medicine, but rather maintain a 
productive balance between computational 
support and professional judgment.

The goal is therefore not to preserve ra-
diology as an artisanal resistance movement 
against technology. It is to ensure that effi-
ciency and standardisation do not become 
the sole visible markers of expertise.

Radiology’s mechanistic evolution has 
produced extraordinary gains in speed, con-
sistency, accessibility, and diagnostic capa-
bility. AI will almost certainly deepen many 
of these advances. Yet when optimisation 
becomes the dominant organising principle 
of professional identity, radiology risks nar-
rowing its own conception of expertise.

The central question is not whether AI will 
eliminate radiologists entirely. Human clini-
cians remain indispensable for contextual 
interpretation, communication, procedural 
care, multidisciplinary integration, and ethi-
cal responsibility. The more important ques-
tion is whether radiological authority may 
gradually compress into increasingly stan-
dardised and machine‑compatible forms of 
practice. Because this compression is driven 
not by AI invading human territory, but by 
humans rendering their own territory ever 
more AI‑like—a process well underway be-
fore the current wave of AI—the profession 
retains the capacity to reverse or moderate it.

Radiology is not defined solely by image 
classification accuracy. At its best, it remains 
an interpretive discipline in which technical 
perception is integrated with contextual un-

derstanding and moral responsibility. If these 
dimensions become secondary to workflow 
optimisation and algorithmic concordance, 
the radiologist risks becoming the  final 
biological component  within the imaging 
system: a human presence retained less for 
independent judgment than for procedural 
ratification, legitimising decisions increas-
ingly shaped elsewhere.

The future of radiology therefore depends 
not only on what AI can do, but on what 
forms of judgment the profession continues 
to cultivate, reward, and defend.
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O R I G I N A L  A R T I C L E

A B D O M I N A L  I M A G I N G

Multi-organ non-contrast computed tomography radiomics model 
to predict hepatic encephalopathy in patients with cirrhosis and 
hepatorenal failure 

PURPOSE
To develop and validate a model by incorporating abdominal multi-organ non-contrast computed 
tomography (CT) radiomics and clinical features to predict the feasibility of hepatic encephalopa-
thy (HE) occurrence in patients with cirrhosis and hepatorenal failure.

METHODS
In total, 351 consecutive patients with cirrhosis and hepatorenal failure undergoing non-contrast 
abdominal CT scans at Centers 1 and 2 were enrolled. Patients from Center 1 were randomly allo-
cated to training (n = 191) and internal test (n = 81) groups, and those from Center 2 were assigned 
to the external test group (n = 79). The nnU-Net framework was used for automated three-dimen-
sional (3D) segmentation of abdominal organs—the liver, spleen, portal and splenic vein, inferior 
vena cava, esophagogastric junction, stomach, liver-adjacent small bowel, and colon. Segmented 
multi-organ radiomics features were extracted using 3D Slicer, with R software used for feature pro-
cessing and model construction. Model performance in predicting HE occurrence was evaluated 
using receiver operating characteristic (ROC) analysis in the training, internal test, and external test 
cohorts. Decision curve analysis (DCA) was used to evaluate clinical utility. The SHapley Additive 
exPlanations (SHAP) tool was used to provide a basis for model interpretability analysis. 

RESULTS
In total, 351 patients (mean age, 61.3 ± 10.7 years; 231 men) were enrolled in this study. Esophageal 
variceal bleeding, peritonitis, and ascites were independent clinical predictors of HE. Twenty dis-
criminative radiomics features, selected from the abovementioned multi-organs through intraclass 
correlation coefficient and least absolute shrinkage and selection operator analysis, were used to 
construct the radiomics model. The integrated model, incorporating both radiomics and clinical 
features, obtained higher areas under the ROC curve than the radiomics and clinical models in the 
training (0.87 vs. 0.83 vs. 0.68), internal test (0.85 vs. 0.81 vs. 0.66), and external test (0.83 vs. 0.78 vs. 
0.72) cohorts, as evidenced by favorable integrated discrimination improvement values (P < 0.05 
for all). The integrated model demonstrated superior clinical utility in DCA. Moreover, SHAP feature 
contribution analysis revealed that the top five features in terms of contribution were all extracted 
from the digestive tract.

CONCLUSION
The integrated model can effectively predict HE occurrence in patients with cirrhosis and hepato-
renal failure.

CLINICAL SIGNIFICANCE
This novel model, developed by integrating abdominal multi-organ non-contrast CT radiomics and 
clinical features, demonstrates robust performance in predicting the occurrence of cirrhosis-relat-
ed HE in patients with cirrhosis and hepatorenal failure. It thus provides a valuable tool for clinical 
decision-making, facilitating the prevention of this complication.
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 Cirrhosis is highly prevalent globally 
and is a primary cause of morbidity 
and mortality in patients with chronic 

liver disease, accounting for 2.4% of global 
deaths in 2019.1-3 With disease progression, 
cirrhosis often leads to hepatic decompensa-
tion, which in turn gives rise to severe com-
plications such as hepatic encephalopathy 
(HE), esophageal variceal bleeding (EVB), and 
hepatorenal failure.1-5 As a major complica-
tion of cirrhosis, HE affects more than 45% 
of patients with cirrhosis, causing substan-
tial cognitive, psychomotor, and psychiatric 
impairments.2 Its symptoms progress from 
subclinical or subtle psychomotor changes 
to confusion, somnolence, coma, or even 
death.6,7 Notably, HE onset marks a critical 
turning point in cirrhosis progression, signi-
fying the transition from the compensated 
to the decompensated stage. Consequently, 
patients with cirrhosis and HE have a consid-
erably shorter median survival time, under-
scoring the urgency of early intervention.6,8,9

Radiomics-based machine learning in-
volves extracting vast amounts of high-di-
mensional mineable data from radiological 
images, applying advanced characterization 
algorithms, and deriving imaging features.10 
This technology has been increasingly used 
in digital medical image analysis, supporting 
tasks such as automatic organ segmentation 
on computed tomography (CT) images.11 By 
analyzing large datasets, machine learning 
equips computers with capabilities for pat-
tern recognition, decision-making, and unbi-
ased comprehensive image feature analysis, 
thereby facilitating holistic assessment of dis-
ease factors and potentially improving clinical 
outcome prediction accuracy.2,12,13 Radiom-
ics-based prediction models for HE risk as-
sessment, treatment efficacy evaluation, and 
prognosis analysis are well established.14-16 
However, prior studies have been limited to 
single-center data, single-organ analysis, and 
reliance on contrast-enhanced CT.

Notably, patients with cirrhosis and 
hepatorenal failure are often unable to un-
dergo contrast-enhanced CT, as underlying 
hepatic and renal impairment compro-
mises the metabolism of contrast agents. 
Such impairment not only hinders contrast 
agent clearance but also further deterio-
rates hepatic and renal function. This criti-
cal limitation thus renders prior prediction 
models clinically unfeasible. Accordingly, 
this study aimed to develop and validate 
a multi-center model on the basis of radi-
omics features extracted from multiple or-
gans on non-contrast abdominal CT scans 
to comprehensively predict HE occurrence 
in patients with cirrhosis and hepatorenal 
failure, thereby facilitating early clinical in-
tervention.

Methods

Patients

The study protocol was approved by the 
Institutional Review Board of Nanchong Cen-
tral Hospital [2024 (149)], with informed con-
sent waived due to the study’s retrospective 
nature. It was conducted in accordance with 
the Declaration of Helsinki and relevant eth-
ical regulations.

Between February 2021 and December 
2023, we consecutively collected the data 
of 411 patients with cirrhosis at two medical 
centers (Centers 1 and 2) in accordance with 
the following inclusion criteria: (1) cirrhosis 
was confirmed with laboratory examina-
tions, radiological manifestations, and clini-
cal findings according to the European Asso-
ciation for the Study of the Liver (EASL) and 
American Association for the Study of Liver 
Diseases clinical practice guidelines;17,18 (2) 
all patients underwent biochemical workup 
and non-contrast abdominal CT scans within 
1 week after initial hospitalization, and the 
quality of the CT data was satisfactory for 
image analysis according to the 5-point scale 
image-quality scoring system;19 (3) patients 
did not experience HE before or during the 
initial hospitalization; and (4) the presence 
of hepatorenal failure. Hepatorenal failure 
was defined as concurrent abnormalities in 
liver and renal function parameters, which 
were confirmed via laboratory testing. Spe-
cifically, it included severe liver failure (total 
bilirubin ≥ 171 μmol/L and international nor-
malized ratio ≥ 1.5) and renal insufficiency 
[estimated glomerular filtration rate (eGFR) < 
45 mL/min/1.73 m2], in which an eGFR < 30 
mL/min/1.73 m² was defined as severe renal 
failure.20 Other markers, including alanine 
transaminase, albumin, creatinine, and urine 

protein, were also used to confirm the pres-
ence of hepatorenal failure.

The exclusion criteria were as follows: 
(1) patients with intrahepatic or splenic 
space-occupying lesions (n = 31); (2) patients 
with a history of abdominal surgical proce-
dures (n = 11); (3) patients complicated with 
other nervous system diseases (n = 5); (4) 
patients with incomplete clinical data (n = 
3); and (5) patients lost to follow-up (n = 10). 
Based on the inclusion and exclusion criteria, 
351 participants were enrolled in the study.

Patient follow-up was conducted in 
accordance with the following protocol. 
Monthly telephone assessment after dis-
charge using cognitive assessment scales 
was conducted during the 2-year follow-up 
period, focusing on HE-related symptoms 
such as impaired calculation ability, memory 
deficits, or abnormal limb signs.4,17 Patients 
with suspected HE or onset of related symp-
toms were advised to be admitted for defini-
tive diagnosis, confirmed in accordance with 
EASL guidelines based on consistent neuro-
logical symptoms or test results. Follow-up 
ceased upon HE confirmation or after 2 years 
if undiagnosed, with final follow-up in May 
2025. 

Of these participants, 191 and 81 patients 
from Center 1 were randomly assigned to 
training and internal test groups, respec-
tively, and 79 patients from Center 2 were 
allocated to the external test group. In both 
the training and test cohorts, patients with 
or without HE were divided into HE or non-
HE subgroups, respectively, according to the 
follow-up results. Patient recruitment is illus-
trated in Figure 1.

Computed tomography techniques

All the patients underwent non-contrast 
abdominal CT using a second-generation 
dual-source scanner (SOMATOM Definition 
Flash; Siemens Healthineers, Erlangen, Ger-
many) in Center 1 and a 120-slice multi-de-
tector spiral CT scanner (uCT710; United 
Imaging Healthcare Co., Ltd., Shanghai, Chi-
na) in Center 2. The CT scanning parameters 
were a peak voltage of 140 kV, a tube current 
of 240 mA, detector collimation of 128 × 
0.125 mm, a pitch of 1.75, slice thickness of 
1.0 mm, and a matrix of 512 × 512 mm. All 
patients were required to fast for 6–8 hours 
prior to CT scanning and drink 800–1,000 
mL of water 20 minutes before the proce-
dure to distend the gastrointestinal tract. 
Each patient lay supine on the scanning 
bed and maintained breath-hold during the 
non-contrast abdominal CT acquisition. The 

Main points

•	 Hepatic encephalopathy (HE) is a severe 
complication in patients with cirrhosis; early 
clinical intervention can reduce the occur-
rence of this complication.

•	 Predictive models based on contrast-en-
hanced computed tomography (CT) radio-
mic features lack clinical utility for patients 
with hepatorenal failure.

•	 The integrated model, combining abdomi-
nal multi-organ non-contrast CT radiomics 
and clinical features, effectively predicts HE 
occurrence in patients with cirrhosis and 
hepatorenal failure.
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scanning coverage extended from the dome 
of the diaphragm to the pubic symphysis. 
Subsequently, the CT data were transferred 
to the picture archiving and communication 
system (PACS), and all image data were saved 
in Digital Imaging and Communications in 
Medicine (DICOM) format for subsequent im-
age analysis.

Segmentation of multi-organ on computed 
tomography imaging

The CT data from both centers were ex-
tracted from the PACS system following im-
age quality assessment. These DICOM files 
were then converted to NIfTI format (.nii.
gz), and images were adjusted to standard 
abdominal window settings [width: 400 
Hounsfield unit (HU); level: 50 HU] to facilitate 
subsequent segmentation. Preprocessed im-
ages were homogenized via resampling with 
an isotropic resolution of 1×1×1 mm³ and via 
Z-score normalization to reduce systemat-
ic dataset variations, ensuring reliability for 
subsequent structural segmentation, feature 
extraction, and model construction. After 
completing CT image quality assessment 
and matching the images to clinical records, 
three-dimensional (3D) Slicer was used for 
additional preprocessing, including format 
validation by checking NIfTI compatibility 
for nnU-Net recognition, and visualization 
checks via multiplanar reconstruction to ex-
clude poorly covered images. The preproc-
essed data were fed into the nnU-Net frame-
work, an open-source deep learning tool 
developed by the German Cancer Research 

Center and implemented in Python, for au-
tomated segmentation of abdominal ana-
tomical structures in non-contrast CT images 
using “TotalSegmentator”.21 The liver, spleen, 
portal and splenic vein, inferior vena cava, 
esophagogastric junction, stomach, liver-ad-
jacent small bowel, and colon were selected 
as the target structures for subsequent radi-
omics feature extraction (Figure 2a-f ). The se-
lection of these nine organs was hypothesis 
driven, based on their clear links to HE patho-
genesis in our target population. The liver is 
key for ammonia metabolism; the spleen and 
portal/splenic veins reflect portal hyperten-
sion; the stomach, esophagogastric junction, 
duodenum, and liver-adjacent bowel/colon 
relate to the gut–brain axis; and the inferior 
vena cava reflects systemic venous return 
changes in patients with cirrhosis and hepa-
torenal failure.2,6,7

Evaluation of segmentation result accuracy

To validate the accuracy of automated 
multi-organ segmentation, all targeted an-
atomical structures segmented by nnU-Net 
underwent qualitative and quantitative as-
sessments. For qualitative evaluation, two 
radiologists (first and third authors with 13 
and 15 years of experience in abdominal 
imaging, respectively) reviewed the segmen-
tation masks to assess alignment between 
automated segmentation boundaries and 
actual anatomical contours, with discrepan-
cies resolved through consensus. For quan-
titative assessment, 20 randomly selected 
consecutive cases were semi-automatical-

ly segmented by the first author using 3D 
Slicer. The Dice similarity coefficient (DSC) 
was calculated to compare automated and 
semi-automated results, with a DSC ≥ 0.85 
for all structures defined as the reliability cri-
terion for subsequent feature extraction.22

Computed tomography radiomics feature 
extraction

After image segmentation and accuracy 
assessment, CT radiomics features were ex-
tracted from the validated volume of interest 
(VOI) using the “Pyradiomics” extension in 
3D Slicer. A total of 1,107 radiomics features 
were initially extracted from the nine target 
organs, categorized into four major types: 
(1) morphological features (e.g., surface area, 
volume, compactness), reflecting organ size 
and shape; (2) first-order statistical features 
(e.g., mean, median, skewness, kurtosis), re-
flecting the distribution of CT attenuation 
values within the VOI; (3) texture features 
from gray-level co-occurrence matrices (GL-
CMs), gray-level run-length matrices (GL-
RLMs), and gray-level size-zone matrices 
(GLSZMs) (e.g., contrast, correlation, energy, 
entropy), capturing spatial patterns of pixel 
intensity variations; and (4) higher-order fea-
tures derived from wavelet transforms, quan-
tifying texture information across multiple 
scales.

Consistency analysis for radiomics feature 
selection

To ensure the stability and reliability of 
radiomics features, intraclass correlation co-
efficient (ICC) analysis was performed on 20 
randomly selected cases. For these cases, 
radiomics features were extracted from both 
the initial automatic segmentation results via 
nnU-Net and the semi-automated segmen-
tation results generated by the first author. 
ICC analysis was then used to compare the 
two feature sets, with those demonstrating 
an ICC > 0.8 retained as indicators of good re-
producibility for subsequent analyses.17 This 
approach enhanced the stability of features, 
mitigated potential biases from variability in 
image acquisition and segmentation, and 
laid a robust foundation for subsequent fea-
ture optimization.

Feature selection and model construction

After ICC analysis, R software (version 
4.5.1) was used to implement a rigorous 
pipeline encompassing feature optimization 
and selection, model construction, and per-
formance evaluation. The packages included 
“rms,” “glmnet,” “caret,” “pROC,” “dplyr,” and “gg-
plot2.” 

Figure 1. Patient selection flowchart. HE, hepatic encephalopathy.
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The dataset from Center 1 was first split 
into training and internal test sets at a 7:3 
ratio. Quantitative features in the training 
set were standardized using the Z-score 
method, with the same transformation pa-
rameters applied to the test set to avoid data 
leakage. Sample weights were calculated for 
the training set to address class imbalance. 
For features in the training set, Pearson cor-
relation matrices with Holm–Bonferroni cor-
rection were computed to identify feature 
pairs with |r| > 0.8 (adjusted P < 0.05). Next, 
the variance inflation factor (VIF) was used 
to quantify multicollinearity (with VIF > 5 
indicating significant multicollinearity). The 
specific feature that exhibits the highest VIF 
was explicitly identified and prioritized for 
removal to mitigate multicollinearity. Subse-
quently, a 10-fold cross-validated least abso-
lute shrinkage and selection operator (LAS-
SO) analysis was applied to the preprocessed 
training set using the binomial family with 
L1 regularization. The optimal regularization 
parameter (λ) was determined by minimizing 
the cross-validation error (λ-min). Feature 
stability was evaluated through bootstrap-
ping (100 iterations), retaining only variables 
with Cohen’s d > 0.5 selected in >70% of re-
samples to ensure robustness. A radiomics 

score (RS) was calculated for each case in the 
training, internal test, and external test sets 
using the predict function [predict(model, 
newdata = feature_data, type = “link”)] in R 
software, and this function output the mod-
el’s linear predictor. The calculation uses the 
following formula: RS = β₀ + β₁X₁ + ... + βnXn, 
where β represents regression coefficients 
and X represents radiomics features. Sub-
group differences in the RS between patients 
with and without HE were compared.

Additionally, univariate analysis for clini-
cal features was used to identify clinically im-
portant factors between the HE and non-HE 
groups. For this analysis, categorical factors, 
including sex, EVB, peritonitis, and ascites, 
were assessed using the chi-square test, and 
the continuous factor (age) was evaluated 
with the independent samples t-test.

Based on insights from previous radiom-
ics and clinical feature analyses, three predic-
tive models were developed using multivar-
iate logistic regression—a clinical model, a 
radiomics model, and an integrated model—
by combining radiomics features with the 
clinical factors. All three models were trained 
through 10-fold cross-validation in the train-
ing set, with coefficients optimized using 

maximum likelihood estimation, and predic-
tive performance of the three models was 
evaluated in both the internal and external 
test sets. To interpret the predictive contribu-
tion of radiomics features, SHapley Additive 
exPlanations (SHAP) analysis was conducted. 
Mean absolute SHAP values were computed 
to quantify the importance of each radiomics 
feature, whereas SHAP beeswarm plots and 
feature importance bar plots were employed 
to visualize the impact of individual features 
and their contributions across samples.

Statistical analysis 

The performance of the models was eval-
uated using receiver operating characteris-
tic (ROC) curve analysis and area under the 
ROC curves (AUCs), with the ROC test used 
to compare model performance. Based on 
the predicted classifications of the three 
models, confusion matrices were derived, 
and accuracy, sensitivity, and specificity were 
calculated for all datasets. Additionally, Brier 
scores were used to assess the calibration of 
predicted probabilities for each model, and 
integrated discrimination improvement (IDI) 
was employed to compare their discrimi-
native ability.23 DeLong’s test was used to 
evaluate model overfitting across datasets. 

Figure 2. Example of automatic segmentation of multiple abdominal target organs. Images (a-c) show contour delineations of three two-dimensional cross sections. 
Images (d-f) depict three-dimensional visualizations of the segmented organs. I, liver; II, spleen, III, esophagogastric junction;s IV, stomach; V, inferior vena cava; VI, 
portal vein and splenic vein; VII, colon; VIII, small bowel; IX, duodenum.
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Violin plots were used to visually depict the 
distributional differences in the RS between 
groups with and without HE. For baseline 
characteristics comparisons, normally dis-
tributed continuous variables were analyzed 
using the independent t-test; otherwise, the 
Mann–Whitney U test was used. Categorical 
variables were analyzed using the chi-square 
test or Fisher’s exact test, as appropriate. A 
two-sided P < 0.05 was considered statisti-
cally significant.

Results

Baseline characteristics

The development set included 272 pa-
tients (173 men, 99 women), aged 61.2 ± 
10.5 years (mean ± standard deviation), 
with an age range of 22–86 years. Of these, 
69 (25.4%) had HE and 203 (74.6%) did not. 

The external test set comprised 79 patients 
(58 men, 21 women), aged 61.6 ± 11.1 years, 
with an age range of 34–87 years, including 
31 (39.2%) with HE and 48 (60.8%) without. 
No significant differences were observed be-
tween sets (P > 0.05 for all). Among the clini-
cal features, ascites, peritonitis, and EVB were 
identified as independent predictors of HE in 
the development and test sets (P < 0.05 for 
all) (Table 1).

Radiomics feature extractions and selec‑
tions

Across all target organs (the liver, spleen, 
portal and splenic veins, inferior vena cava, 
esophagogastric junction, stomach, and 
liver-adjacent small bowel and colon), the 
median DSC value between automated and 
semi-automated segmentations was 0.91 
(ranging from 0.87 to 0.95), indicating the ac-
curacy of automated multi-organ segmenta-

tion. Based on ICC analysis, 119 initial features 
with an ICC ≤ 0.8 were excluded, and the re-
maining 988 features with an ICC > 0.8 were 
retained for subsequent radiomics feature 
selection. To address multicollinearity, the 
feature with the highest VIF was removed, fol-
lowed by 10-fold cross-validated LASSO logis-
tic regression and correlation analysis. Even-
tually, a total of 20 discriminative radiomics 
features were selected (Figure 3a, b). 

For these 20 selected features, categories 
included 3 first-order statistical features, 13 
texture features (including 4 from GLCMs, 
1 from GLRLMs, 3 from neighboring gray-
tone difference matrices, 2 from gray-level 
dependence matrices, and 3 from GLSZMs), 
and 4 shape features. Based on the distribu-
tion across organs, the features were derived 
as follows: two from the spleen, one from the 
liver, one from the stomach, one from the 

Table 1. Patient characteristics in the development and external test sets

Characteristics Description Development set (n = 272) Test set (n = 79)

HE
(n = 69)

Non-HE
(n = 203)

P value HE
(n = 31)

Non-HE
(n = 48)

P value

Gender, n (%)
Women 25 (36.2%) 74 (36.5%)

1.0
8 (25.8%) 13 (27.1%)

1.0
Men 44 (63.8%) 129 (63.5%) 23 (74.2%) 35 (72.9%)

Age, years Mean ± SD 59.9 ± 11.2 61.7 ± 10.3 0.23 62.35 ± 11.11 61.17 ± 11.25 0.65

EVB, n (%)
Y 30 (43.5%) 58 (28.6%)

0.03
16 (51.6%) 9 (18.8%)

0.005
N 39 (56.5%) 145 (71.4%) 15 (48.4%) 39 (81.2%)

Ascites, n (%)
Y 40 (58.0%) 66 (32.5%)

<0.001
14 (45.2%) 7 (14.6%)

0.006
N 29 (42.0%) 137 (67.5%) 17 (54.8%) 41 (85.4%)

Peritonitis, n (%)
Y 55 (79.7%) 118 (58.1%)

0.002
22 (71.0%) 21 (43.8%)

0.03
N 14 (20.3%) 85 (41.9%) 27 (56.2%) 27 (56.2%)

HE, hepatic encephalopathy; SD, standard deviation; EVB, esophageal variceal bleeding; Y, yes; N, no.

Figure 3. Feature selection using least absolute shrinkage and selection operator. Image (a) shows 10-fold cross-validation used for parameter tuning to obtain 
the best lambda, which is subsequently used for feature selection. Image (b) shows the correlation of selected features without multicollinearity in a heatmap. Spl, 
spleen; Liv, liver; Sto, stomach; IVC, inferior vena cava; PV, portal vein; EGJ, esophagogastric junction; SB, small bowel; Duo, duodenum; Col, colon.
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inferior vena cava, four from the portal and 
splenic veins, two from the esophagogastric 
junction, three from the liver-adjacent small 
bowel, three from the liver-adjacent colon, 
and three from the duodenum.

Violin plots revealed distinct distribu-
tions of RSs between the HE and non-HE 
subgroups across the three cohorts. Patients 
with HE exhibited significantly higher RSs 
than those without HE (P < 0.001 for all), in-
dicating that the RS effectively discriminated 
between both subgroups (Figure 4a-c).

Performance of predictive models

Three predictive models were construct-
ed: a radiomics model (incorporating se-
lected radiomics features), a clinical model 
(incorporating selected clinical features), and 
an integrated model (combining all selected 
radiomics and clinical features). The perfor-
mance and stability of all three models were 
evaluated using AUCs, accuracy, sensitivity, 
specificity, and Brier scores. The integrated 
model demonstrated superior clinical util-
ity through decision curve analysis (DCA), 
revealing a higher net benefit at a range of 
0.2–0.8 clinically relevant threshold proba-
bilities (Figure 5a-d). Additionally, the inte-
grated model showed significantly better 
predictive accuracy than the radiomics mod-
el, as evidenced by the IDI values, with the 
differences reaching statistical significance 
(P < 0.05) (Table 2). Moreover, SHAP feature 
contribution analysis revealed that the top 
five features in terms of contribution were 
extracted from the digestive tract (stomach, 
duodenum, liver-adjacent small bowel, and 
colon), including two texture features and 
three shape features (Figure 6a, b).

Overfitting assessment for radiomics and 
integrated models

Overfitting was assessed by comparing 
model performance across datasets using 

DeLong’s test (Table 3). For both models, 
pairwise comparisons between the training 
and internal and external test sets showed 
no statistically significant differences in AUCs 
(P > 0.05 for all), verifying that the models 
had no substantial overfitting risk.

Discussion
This study developed and tested three 

predictive models for HE prediction in pa-
tients with cirrhosis and hepatorenal failure 
using multi-organ radiomics from non-con-
trast abdominal CT and clinical features. The 
integrated model, by combining multi-organ 
radiomics and clinical features, showed ro-
bust performance across the training, inter-
nal test, and external test cohorts, with AUCs 
of 0.87, 0.85, and 0.83, respectively; the ab-
sence of significant overfitting risk further 
strengthened its potential for clinical utility. 
Within these models, the RS demonstrated 
strong discriminative power for HE, with sig-
nificantly higher values across cohorts. Addi-
tionally, three clinical features (ascites, EVB, 
and peritonitis) were identified as independ-
ent HE predictors, and their integration with 
radiomics features demonstrated superior 
performance, which strongly reinforced the 
merit of combining radiomics with clinical 
insights. This aligns with established mecha-
nisms: ascites indicates decompensated cir-
rhosis, a critical transition from compensated 
liver dysfunction to overt failure of hepatic 
synthetic and metabolic capacity;24 peritoni-
tis triggers systemic inflammation, disrupt-
ing hepatic clearance of neurotoxins;25 and 
variceal bleeding increases the ammonia 
burden by releasing nitrogen-rich blood into 
the gut, where bacterial metabolism further 
raises toxic ammonia levels.26 

Notably, the radiomics features in this 
study were derived from nine abdominal 
organs, encompassing three categories: 
first-order statistical, texture, and shape fea-

tures. This multi-organ strategy offers a dis-
tinct advantage over conventional radiomics 
studies, which often focus on isolated or-
gans and thus overlook systemic pathologi-
cal changes in cirrhosis.2,4 By contrast, our 
multiple-organ coverage comprehensively 
captures multi-system dysfunction, giving it 
a critical advantage for evaluating complex 
disorders such as HE. Beyond features from 
well-studied organs (liver, spleen, and portal 
vein), 11 gastrointestinal radiomics features 
from the stomach, esophagogastric junction, 
liver-adjacent small bowel, and colon add 
unique value. These features not only high-
light associations between portal hyperten-
sive gastroenteropathy and decompensated 
cirrhosis but also provide radiomics-based 
evidence supporting the gut–brain axis and 
gut microbiota theories in HE pathogen-
esis. Specifically, the top five contributing 
radiomics features identified by SHAP ex-
tracted from the stomach, duodenum, liv-
er-adjacent small bowel, and colon indicate 
that our observations align closely with the 
previously proposed gut–brain axis theory, 
corroborating its critical association with HE 
development; these features are insufficient-
ly represented in radiomics studies limited to 
hepatic or splenic features.2,27,28 More impor-
tantly, our logistic regression-based model 
offers superior interpretability, allowing cli-
nicians to clearly quantify how multi-organ 
radiomics features contribute to HE risk pre-
dictions, which is critical for clinical trust and 
model adoption.

Critically, we employed non-contrast 
CT, a deliberate choice tailored to patients 
with cirrhosis and hepatorenal failure. Con-
trast agents are known to exacerbate renal 
dysfunction in this population,20 yet many 
existing HE prediction models rely on con-
trast-enhanced CT,2 restricting their appli-
cability. Our use of non-contrast CT avoids 
this risk, leverages routine clinical data, and 
reduces costs, facilitating its integration into 

Figure 4. Violin plots show the distribution of radiomics scores. Training set (a), internal test set (b), and external test set (c). HE, hepatic encephalopathy; 1, with 
hepatic encephalopathy; 0, without hepatic encephalopathy.
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Figure 5. Receiver operating characteristic curves comparing the integrated clinical and radiomics models in the training set (a), internal test set (b), and external 
test set (c). Decision curve analysis depicts net benefit curves to compare models across threshold probabilities, highlighting the integrated model’s advantage (d).

Table 2. Prediction performance of models in each dataset

Model categories Metrics Training set Internal test set External test set

Clinical model

AUC (95% CI) 0.68 (0.61–0.76) 0.66 (0.54–0.79) 0.72 (0.61–0.84)

Acc 0.66 0.59 0.72

Sen 0.74 0.79 0.61

Spe 0.63 0.53 0.79

Brier score 0.1749 0.1648 0.1979

Radiomics model

AUC (95% CI) 0.83 (0.77–0.89) 0.81 (0.71–0.92) 0.78 (0.66–0.89)

Acc 0.85 0.75 0.72

Sen 0.62 0.74 0.87

Spe 0.92 0.76 0.63

Brier score 0.1284 0.1498 0.1815

Integrated model

AUC (95% CI) 0.87 (0.82–0.91) 0.85 (0.76–0.94) 0.83 (0.74–0.93)

Acc 0.84 0.74 0.79

Sen 0.64 0.91 0.77

Spe 0.91 0.67 0.79

Brier score 0.1212 0.1397 0.1569

IDI (P value)
IM vs. CM < 0.001 < 0.001 < 0.001

IM vs. RM < 0.001 0.043 < 0.001

AUC, area under the receiver operating characteristic curve; CI, confidence interval; IDI, integrated discrimination improvement; Acc, accuracy; Sen, sensitivity; Spe, specificity; IM, 
integrated model; CM, clinical model; RM, radiomics model.
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practice, particularly in resource-limited 
settings. Notably, a prior study reported a 
weighted random forest model with an AUC 
of 0.82 for HE prediction in general patients 
with cirrhosis.29 By contrast, our integrated 
model achieves comparable or superior per-
formance, with an AUC ranging from 0.83 
to 0.87, specifically for patients with cirrho-
sis and hepatorenal failure in which con-
trast-enhanced CT is contraindicated. This 
underscores our model’s advantage in both 
filling a clinical gap and maintaining robust 
accuracy. These methodological strengths 
are further supported by our DCA results. 
Specifically, the integrated calibrated model 
delivered superior net benefit at a 0.2–0.8 
threshold, which matches the clinical in-

tervention time-point for HE prevention in 
patients with cirrhosis. Compared with the 
clinical and radiomics model, this advantage 
addresses the unmet need for early HE risk 
stratification, helping clinicians distinguish 
between low-risk and medium-risk patients 
to balance the benefits with overtreatment.

This study has several limitations. First, cir-
rhosis was not stratified by etiology; howev-
er, our integrated model had broad potential 
applications despite HE resulting from any 
causes. We will design cohort studies strat-
ified by different etiologies to enhance the 
model’s generalizability in future research. 
Second, although automatic segmentation 
via nnU-Net achieved high DSC values, its re-
liability may be decreased in cases of severe 

anatomical distortion (e.g., massive ascites 
or organ displacement). Follow-up studies 
could integrate manual correction for com-
plex cases or explore more advanced seg-
mentation algorithms to improve feature sta-
bility. Third, air in the gastrointestinal lumen 
may still introduce residual bias. Subsequent 
studies could use water filling or artificial 
intelligence-based air segmentation to fur-
ther reduce this interference, ensuring more 
accurate extraction of radiomics features. 
Fourth, differences in CT scanners may intro-
duce systematic biases in radiomics feature 
extraction despite standardization through 
Z-score normalization. Future studies should 
include device-specific calibration or mul-
ti-center harmonization protocols to miti-

Figure 6. SHapley Additive exPlanations (SHAP) beeswarm plot with radiomics features on the y-axis (ordered by descending importance), SHAP values on the x-axis 
(denoting prediction impact), color-coded importance (red = high, blue = low), and dots representing each feature’s per-sample contribution (a). SHAP feature 
importance bar plot ranking radiomics features by their mean absolute SHAP values in descending order to illustrate their impact on model predictions (b). Spl, 
spleen; Liv, liver; Sto, stomach; IVC, inferior vena cava; PV, portal vein; EGJ, esophagogastric junction; SB, small bowel; Duo, duodenum; Col, colon.

Table 3. Overfitting assessment across datasets using DeLong’s test

Model Comparison group AUC (TR-set) AUC (TE-set) P value Overfitting (Y or N)

Clinical model
T-set vs. IT-set 0.68 0.66 0.80 N

T-set vs. ET-set 0.68 0.72 0.60 N

Radiomics model
T-set vs. IT-set 0.83 0.81 0.81 N

T-set vs. ET-set 0.83 0.78 0.41 N

Integrated model
T-set vs. IT-set 0.87 0.85 0.74 N

T-set vs. ET-set 0.87 0.83 0.56 N

TR-set, training set; IT-set, internal test set; ET-set, external test set; TE-set, test set; AUC, area under receiver operating characteristic curve, Y, yes; N, no.
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gate this issue. In conclusion, extending the 
follow-up period or evaluating longitudinal 
changes in radiomics features may provide 
new insights into HE progression; we plan to 
investigate this in subsequent studies.

In conclusion, our combined model, in-
tegrating multi-organ radiomics features on 
abdominal non-contrast CT and important 
clinical factors, demonstrated robust perfor-
mance in the prediction of HE secondary to 
cirrhosis in patients with hepatorenal failure. 
This model could provide valuable evidence 
for clinical decision-making regarding po-
tential HE in this population.

Footnotes 

Conflict of interest disclosure

The authors declared that there is no con-
flict of interest.

References 
1.	 Ginès P, Krag A, Abraldes JG, Solà E, Fabrellas 

N, Kamath PS. Liver cirrhosis. Lancet. 
2021;398(10308):1359-1376. [Crossref]

2.	 Cao JM, Yang JQ, Ming ZQ, et al. A radiomics 
model of liver CT to predict risk of hepatic 
encephalopathy secondary to hepatitis B 
related cirrhosis. Eur J Radiol. 2020;130:109201. 
[Crossref]

3.	 Huang DQ, Terrault NA, Tacke F, et al. Global 
epidemiology of cirrhosis - aetiology, trends 
and predictions. Nat Rev Gastroenterol 
Hepatol. 2023;20(6):388-398. [Crossref] 

4.	 Tan BG, Tang Z, Ou J, et al. An improved 
model based on quantitative features of right 
liver lobe, maximum varices, and portal vein 
system measured on magnetic resonance 
imaging to predict oesophagogastric 
variceal haemorrhage secondary to hepatitis 
B-related cirrhosis. Quant Imaging Med Surg. 
2023;13(12):7741-7752. [Crossref]

5.	 Tapper EB, Ufere NN, Huang DQ, Loomba 
R. Review article: current and emerging 
therapies for the management of cirrhosis 
and its complications. Aliment Pharmacol Ther. 
2022;55(9):1099-1115. [Crossref]

6.	 Louissaint J, Deutsch-Link S, Tapper EB. 
Changing epidemiology of cirrhosis and 
hepatic encephalopathy. Clin Gastroenterol 
Hepatol. 2022;20(8S):S1-S8. [Crossref] 

7.	 Häussinger D, Dhiman RK, Felipo V, et al. 
Hepatic encephalopathy. Nat Rev Dis Primers. 
2022;8(1):43. [Crossref] 

8.	 D’Amico G, Garcia-Tsao G, Pagliaro L. Natural 
history and prognostic indicators of survival in 
cirrhosis: a systematic review of 118 studies. J 
Hepatol. 2006;44(1):217-231. [Crossref] 

9.	 Tapper EB, Aberasturi D, Zhao Z, Hsu CY, Parikh 
ND. Outcomes after hepatic encephalopathy 
in population-based cohorts of patients 
with cirrhosis. Aliment Pharmacol Ther. 
2020;51(12):1397-1405. [Crossref]

10.	 Mirestean CC, Pagute O, Buzea C, Iancu 
RI, Iancu DT. Radiomic machine learning 
and texture analysis - new horizons for 
head and neck oncology. Maedica (Bucur). 
2019;14(2):126-130. [Crossref]

11.	 Mai DVC, Drami I, Pring ET, et al. A systematic 
review of automated segmentation of 3D 
computed-tomography scans for volumetric 
body composition analysis. J Cachexia 
Sarcopenia Muscle. 2023;14(5):1973-1986. 
[Crossref]

12.	 Skrede OJ, De Raedt S, Kleppe A, et al. Deep 
learning for prediction of colorectal cancer 
outcome: a discovery and validation study. 
Lancet. 2020;395(10221):350-360. [Crossref] 

13.	 Rakaee M, Tafavvoghi M, Ricciuti B, et al. Deep 
learning model for predicting immunotherapy 
response in advanced non-small cell lung 
cancer. JAMA Oncol. 2025;11(2):109-118. 
[Crossref] 

14.	 Bo Z, Song J, He Q, et al. Application of 
artificial intelligence radiomics in the 
diagnosis, treatment, and prognosis of 
hepatocellular carcinoma. Comput Biol Med. 
2024;173:108337. [Crossref]

15.	 Avanzo M, Wei L, Stancanello J, et al. Machine 
and deep learning methods for radiomics. 
Med Phys. 2020;47(5):e185-e202. [Crossref] 

16.	 Chen B, Zhang R, Gan Y, Yang L, Li W. 
Development and clinical application of 
radiomics in lung cancer. Radiat Oncol. 
2017;12(1):154. [Crossref] 

17.	 European Association for the Study of the 
Liver. EASL Clinical Practice Guidelines on the 
management of hepatic encephalopathy. J 
Hepatol. 2022;77(3):807-824. [Crossref] 

18.	 Karvellas CJ, Bajaj JS, Kamath PS, et al. AASLD 
Practice guidance on acute-on-chronic liver 
failure and the management of critically 
ill patients with cirrhosis. Hepatology. 
2024;79(6):1463-1502. [Crossref]

19.	 Chen TW, Yang ZG, Dong ZH, et al. Whole 
tumour first-pass perfusion using a low-
dose method with 64-section multidetector 
row computed tomography in oesophageal 
squamous cell carcinoma. Eur J Radiol. 
2011;80(2):284-291. [Crossref]

20.	 Lu S, Robyak K, Zhu Y. The CKD-EPI 2021 
equation and other creatinine-based race-
independent eGFR equations in chronic 
kidney disease diagnosis and staging. J Appl 
Lab Med. 2023;8(5):952-961. [Crossref]

21.	 Wasserthal J, Breit HC, Meyer MT, et al. 
TotalSegmentator: Robust Segmentation of 
104 Anatomic Structures in CT Images. Radiol 
Artif Intell. 2023;5(5):e230024. [Crossref] 

22.	 Häntze H, Xu L, Mertens CJ, et al. Segmenting 
whole-body MRI and CT for multiorgan 
anatomic structure delineation. Radiol Artif 
Intell. 2025;7(6):e240777. [Crossref]

23.	 Huang S, Liang X, Lou K, et al. Comparing 
habitat, radiomics, and fusion models for 
predicting micropapillary/solid components 
in stage I lung adenocarcinoma. Acad Radiol. 
2025;32(10):6307-6319. [Crossref]

24.	 Gracia-Sancho J, Marrone G, Fernández-
Iglesias A. Hepatic microcirculation and 
mechanisms of portal hypertension. Nat Rev 
Gastroenterol Hepatol. 2019;16(4):221-234. 
[Crossref] 

25.	 Lima LCD, Miranda AS, Ferreira RN, Rachid MA, 
Simões E Silva AC. Hepatic encephalopathy: 
lessons from preclinical studies. World J 
Hepatol. 2019;11(2):173-185. [Crossref]

26.	 Jindal A, Jagdish RK. Sarcopenia: ammonia 
metabolism and hepatic encephalopathy. Clin 
Mol Hepatol. 2019;25(3):270-279. [Crossref]

27.	 Agirman G, Yu KB, Hsiao EY. Signaling 
inflammation across the gut-brain axis. 
Science. 2021;374(6571):1087-1092. [Crossref]

28.	 Fried DE, Watson RE, Robson SC, Gulbransen 
BD. Ammonia modifies enteric neuromuscular 
transmission through glial γ-aminobutyric 
acid signaling. Am J Physiol Gastrointest Liver 
Physiol. 2017;313(6):G570-G580. [Crossref]

29.	 Yang H, Li X, Cao H, et al. Using machine 
learning methods to predict hepatic 
encephalopathy in cirrhotic patients with 
unbalanced data. Comput Methods Programs 
Biomed. 2021;211:106420. [Crossref]

https://doi.org/10.1016/S0140-6736(21)01374-X
https://doi.org/10.1016/j.ejrad.2020.109201
https://doi.org/10.1038/s41575-023-00759-2
https://doi.org/10.21037/qims-23-353
https://doi.org/10.1111/apt.16831
https://doi.org/10.1016/j.cgh.2022.04.036
https://doi.org/10.1038/s41572-022-00366-6
https://doi.org/10.1016/j.jhep.2005.10.013
https://doi.org/10.1111/apt.15749
https://doi.org/10.26574/maedica.2019.14.2.126
https://doi.org/10.1002/jcsm.13310
https://doi.org/10.1016/S0140-6736(19)32998-8
https://doi.org/10.1001/jamaoncol.2024.5356
https://doi.org/10.1016/j.compbiomed.2024.108337
https://doi.org/10.1002/mp.13678
https://doi.org/10.1186/s13014-017-0885-x
https://doi.org/10.1016/j.jhep.2022.06.001
https://doi.org/10.1097/HEP.0000000000000671
https://doi.org/10.1016/j.ejrad.2010.07.006
https://pubmed.ncbi.nlm.nih.gov/37534520/
https://doi.org/10.1148/ryai.230024
https://doi.org/10.1148/ryai.240777
https://doi.org/10.1016/j.acra.2025.07.035
https://doi.org/10.1038/s41575-018-0097-3
https://doi.org/10.4254/wjh.v11.i2.173
https://doi.org/10.3350/cmh.2019.0015
https://doi.org/10.1126/science.abi6087
https://doi.org/10.1152/ajpgi.00154.2017
https://doi.org/10.1016/j.cmpb.2021.106420


©Copyright  2026 Author(s) - Available online at dirjournal.org.
Content of this journal is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International License.

363

A B D O M I N A L  I M A G I N GDiagn Interv Radiol 2026; DOI: 10.4274/dir.2025.253582

Hepatic alveolar echinococcosis: a great tumor mimicker

You may cite this article as: Kuru Öz D, Erden A. Hepatic alveolar echinococcosis: a great tumor mimicker. Diagn Interv Radiol. 2026;32(4):363-364.

Epub: 17.11.2025

Publication date: 01.07.2026

DOI: 10.4274/dir.2025.253582

Ankara University Faculty of Medicine, Department of 
Radiology, Ankara, Türkiye

Handling editor: İlkay İdilman

Corresponding author: Diğdem Kuru Öz 

E-mail: digdem_k@hotmail.com

 Diğdem Kuru Öz 
 Ayşe Erden

Received 25 July 2025; revision requested 01 September 
2025; accepted 10 October 2025.

To the editor,

We read with great interest the recent article titled “Tumor-like conditions that mimic liver 
tumors” by Stanietzky et al.1 which comprehensively reviewed non-neoplastic hepatic lesions 
that can resemble liver malignancies on imaging. We would like to contribute to this import-
ant discussion by drawing attention to another critical mimicker of hepatic tumors: alveolar 
echinococcosis (AE). In this context, we aim to present a case from our institution that demon-
strated magnetic resonance imaging (MRI) findings mimicking a hepatic mass. A 35-year-old 
female patient was referred following the detection of a liver mass on ultrasonography due 
to abdominal pain. Dynamic contrast-enhanced liver MRI performed at our hospital revealed 
a 7-cm hypovascular lesion in segments 2/4a of the liver. The lesion appeared hypointense 
on T1-weighted images and mildly hyperintense on T2-weighted images. On T2-weighted 
sequences, punctate hyperintense foci were observed within the lesion. Diffusion-weighted 
imaging demonstrated peripheral ring-like diffusion restriction, and the apparent diffusion 
coefficient map showed a hypointense rim limited to the periphery. Except for septum-like 
internal structures, no significant contrast enhancement was noted in the lesion (Figure 1). 
Prospectively, the lesion was interpreted as an unspecified hepatic mass with concerning fea-
tures. The mass-like appearance, peripheral diffusion restriction, and hypovascular enhance-
ment pattern suggested intrahepatic cholangiocarcinoma as the primary differential diag-
nosis, with metastatic disease also considered despite no known primary malignancy. The 
case was discussed in a multidisciplinary tumor board meeting, and surgical resection was 
planned for both diagnostic and therapeutic purposes, as percutaneous biopsy was not per-
formed due to concerns regarding potential tumor seeding. Preoperative imaging evaluation 
suggested a localized lesion confined to the left hepatic lobe without evidence of lymphade-
nopathy or distant metastases (clinical stage T1–2 N0 M0, assuming intrahepatic cholangio-
carcinoma). Given the resectable nature of the lesion and the patient’s good performance 
status, upfront surgical resection was indicated according to standard management guide-
lines for early-stage intrahepatic cholangiocarcinoma, as neoadjuvant therapy is not routinely 
recommended for resectable disease. The patient underwent left hepatic lobectomy. Macro-
scopic examination of the resected specimen revealed a tumor-like lesion measuring 8 × 7 × 
4 cm, infiltrating the liver capsule, with a cream-yellow color and focal areas of hemorrhage, 
but without overt necrosis. Histopathological evaluation confirmed the diagnosis of AE. Upon 
retrospective review of the MRI, punctate hyperintense foci within the lesion—possibly corre-
sponding to small vesicles—were noted on T2-weighted images. The term “alveolar” in AE re-
fers to the presence of multiple vesicles resembling alveoli within the lesion.2 Therefore, these 
small cystic components could have raised the suspicion of AE in the differential diagnosis of 
this mass-like lesion on MRI.

AE is a parasitic infection caused by Echinococcus multilocularis that primarily involves the 
liver. This disease may manifest as infiltrative hepatic masses with irregular borders, central 
necrosis, calcifications, and absence of significant contrast enhancement—features that can 
closely mimic cholangiocarcinoma or metastasis. Its tumor-like growth pattern and potential 
for local invasion and distant spread further complicate differentiation from true neoplastic 
entities.2,3 In endemic areas, including parts of Central Europe and Türkiye, AE should be con-
sidered in the differential diagnosis of atypical hepatic lesions, particularly when calcifications 
and multiple small vesicular components are present. 

L E T T E R  T O  T H E  E D I T O R
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Misdiagnosis may lead to inappropriate 
management, including unnecessary surgi-
cal resections or delayed antiparasitic treat-
ment in inoperable patients.3 We believe that 
recognizing AE as a hepatic tumor mimic and 
including it among radiologic differentials—
especially in endemic regions—is vital for 
accurate diagnosis and appropriate therapy 
planning.
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PURPOSE
Neoadjuvant chemoradiotherapy (CRT) is known to increase sphincter preservation rates and de-
crease the risk of postoperative recurrence in patients with locally advanced rectal tumors. Howev-
er, the response to CRT in patients with locally advanced rectal cancer (LARC) varies significantly. 
The objective of this study was to compare the performance of models based on radiomics fea-
tures of the tumor alone, the mesorectum alone, and a combination of both in predicting tumor 
response to neoadjuvant CRT in LARC.

METHODS
This retrospective study included 101 patients with LARC. Patients were categorized as responders 
(modified Ryan score 0–1) and non-responders (modified Ryan score 2–3). Pre-CRT magnetic reso-
nance imaging evaluations included tumor-T2 weighted imaging (T2WI), tumor-diffusion weighted 
imaging (DWI), tumor-apparent diffusion coefficient (ADC) maps, and mesorectum-T2WI. The first 
radiologist segmented the tumor and mesorectum from T2-weighted images, and the second ra-
diologist performed tumor segmentation using DWI and ADC maps. Feature reproducibility was 
assessed by calculating the intraclass correlation coefficient (ICC) using a two-way mixed-effects 
model with absolute agreement for single measurements [ICC(3,1)]. Radiomic features with ICC 
values <0.60 were excluded from further analysis. Subsequently, the least absolute shrinkage and 
selection operator method was applied to select the most relevant radiomic features. The top five 
features with the highest coefficients were selected for model training. To address class imbalance 
between groups, the synthetic minority over-sampling technique was applied exclusively to the 
training folds during cross-validation. Thereafter, classification learner models were developed us-
ing 10-fold cross-validation to achieve the highest performance. The performance metrics of the 
final models, including accuracy, precision, recall, F1-score, and area under the receiver operating 
characteristic curve (AUC), were calculated to evaluate the classification performance.

RESULTS
Among the 101 patients, 36 were classified as responders and 65 as non-responders. A total of 25 
radiomic features from the tumor and 20 from the mesorectum were found to be statistically sig-
nificant (P < 0.05). The AUC values for predicting treatment response were 0.781 for the tumor-only 
model (random forest), 0.726 for the mesorectum-only model (logistic regression), and 0.837 for the 
combined model (logistic regression).

CONCLUSION
Radiomic features derived from both the tumor and mesorectum demonstrated complementary 
prognostic value in predicting treatment response. The inclusion of mesorectal features substan-
tially improved model performance, with the combined model achieving the highest AUC value. 
These findings highlight the added predictive contribution of the mesorectum as a key peritumoral 
structure in radiomics-based assessment.

CLINICAL SIGNIFICANCE
Currently, the response of locally advanced rectal tumors to neoadjuvant therapy cannot be reliably 
predicted using conventional methods. Recently, the significance of the mesorectum in predicting 
treatment response has gained attention, although the number of studies focusing on this area 
remains limited. In our study, we performed radiomics analyses of both the tumor tissue and the 
mesorectum to predict neoadjuvant treatment response.

KEYWORDS
Artificial intelligence, locally advanced rectal cancer, magnetic resonance imaging, neoadjuvant 
treatment, radiomics
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The standard imaging modality for lo-
cally advanced rectal cancer (LARC) 
is magnetic resonance imaging (MRI) 

to assess rectal wall invasion (T stage), eval-
uation of locoregional lymph nodes, macro-
scopic tumor invasion into the mesorectum, 
mesorectal fascia involvement, and extramu-
ral vascular invasion.1,2 Neoadjuvant chemo-
radiotherapy (CRT) plays a crucial role in the 
management of LARC by not only increasing 
sphincter preservation rates but also facili-
tating organ preservation through non-op-
erative strategies, such as the watch-and-
wait approach, in carefully selected patients 
who achieve a complete clinical response. 
Furthermore, CRT has been shown to reduce 
the risk of postoperative recurrence signifi-
cantly.3,4 However, the response of patients 
with LARC to neoadjuvant CRT is variable. 
Neoadjuvant CRT results in tumor stage re-
gression in 50% of patients, and pathologic 
complete response is observed in 15%–20% 
of patients.5 Currently, the response of locally 
advanced rectal tumors to neoadjuvant ther-
apy cannot be estimated by conventional 
methods. The prediction of tumor response 
to neoadjuvant treatment at the time of di-
agnosis can contribute to patient-specific 
tailoring of radiation doses and thus increase 
pathologic complete response and organ 
preservation rates.6 Therefore, estimating 
the tumor’s response to the neoadjuvant 
treatment is important for treatment man-
agement. 

The influence of adipocytes on tumor 
pathogenesis has been intensively investi-
gated in recent years. The molecular interac-

tion between tumor cells and adipocytes has 
been associated with an increase in inflam-
matory markers and angiogenic factors, such 
as vascular endothelial growth factor (VEGF) 
and insulin-like growth factor 1 (IGF-1), that 
may locally and systematically provoke tu-
mor growth and metastasis. The interac-
tion between rectal cancer and mesorectal 
adipose tissue has been demonstrated to 
induce molecular alterations in adipocytes. 
These changes may lead to subtle MRI find-
ings that are not readily detectable with con-
ventional radiologic methods.7,8 Some radio-
mics studies in the literature have evaluated 
peritumoral adipose tissue to predict clinical 
outcomes and prognosis. In breast tumors, 
evaluation of the peritumoral area has been 
proven to improve the differentiation be-
tween benign and malignant breast lesions.9 
Likewise, in non-small cell lung cancers, per-
itumoral lung parenchyma may also predict 
recurrence after surgery.10

In this study, we performed radiomics 
analyses of the tumor and mesorectum to 
predict the response to neoadjuvant CRT; a 
tumor-only model, mesorectum-only model, 
and combined tumor-mesorectum model 
were constructed. 

Methods

Study participants

This study was approved by the Non-In-
terventional Research Ethics Committee of 
Dokuz Eylül University Hospital (approval 
number: 2023/33-18, date: August/2023). 
Due to the study’s retrospective nature, 
the requirement for informed consent was 
waived. Details of patients with LARC who 
underwent neoadjuvant CRT followed by to-
tal mesorectal excision between March 2017 
and May 2022 were retrieved from the hospi-
tal database. Patients who underwent rectal 
MRI before CRT were included in the study. 
The exclusion criteria were patients with MRI 
images with different parameters, patholog-
ic evaluation performed outside the hospital, 
poor image quality, and patients who re-
fused to be operated on. The patient accrual 
is summarized in Figure 1.

Image acquisition

Examinations were performed on a 1.5-
T MRI machine (Philips Achieva Release 
1.8, Eindhoven, The Netherlands) with a 
pelvic phased-array coil. Turbo spin-echo 
T2-weighted images (T2WI) were acquired 
in the sagittal, para-axial (perpendicular to 
the long axis of the tumor), and para-cor-
onal (parallel to the long axis of the tumor) 

planes using a repetition time (TR) of 4,500 
ms, a field of view (FOV) of 180–220 mm, a 
matrix size of 256 × 512, a slice thickness of 3 
mm, an intersection interval of 0.8 mm, and 
an echo train length of 16. Diffusion-weight-
ed images (b: 0 and b: 1.000 s/mm2) were 
acquired in the axial and sagittal planes with 
a single-shot echo-planar sequence using a 
4.200/95 TR/echo time, 350–400 mm FOV, 
90° bank angle, and 5-mm slice thickness. 
Apparent diffusion coefficient (ADC) maps 
were generated automatically by the soft-
ware. Fat suppression techniques and con-
trast agents were not used. Scopolamine 
butyl bromide (20 mg) was injected intrave-
nously 10 minutes before scanning to reduce 
intestinal motility.

Protocol for neoadjuvant chemoradiother‑
apy

All patients received 45 gray (Gy) of pelvic 
radiotherapy before surgery. Subsequently, 
a boost of 5.4 Gy in three fractions was ad-
ministered to the primary tumor. After the 
first and fifth weeks of radiotherapy, patients 
received 400 mg/m2/day fluorouracil and 20 
mg/m2/day leucovorin for 3 days. Restag-
ing MRI was performed approximately 6–8 
weeks after completion of neoadjuvant CRT.

Evaluation of the pathologic response to 
treatment

In this study, the modified Ryan scor-
ing system was used as the gold standard  
(Table 1). The modified Ryan scoring has 
proven to be a reliable tool for classifying tu-
mor regression due to its high reproducibili-
ty and inter-observer agreement.11 It is based 
on the ratio of residual cancer cells to the 
fibrosis amount. In the modified Ryan scor-
ing system, 0 points are given for complete 
response, and a score of 3 points indicates 
a poor response or no response to neoadju-
vant treatment. 

In the study, the patients were divided 
into two groups. Patients with a modified 
Ryan score of 0–1 were classified as respond-
ers to neoadjuvant treatment, and patients 
with a modified Ryan score of 2–3 were 
classified as non-responders to neoadjuvant 
treatment.

Image interpretation–texture feature ex‑
traction

Data in Digital Imaging and Communi-
cations in Medicine format were transferred 
to a workstation and analyzed by dedicated 
software (LIFEx version 7.4, Inserm, Orsay, 
France).

Main points

•	 In this study, we developed machine-learn-
ing models to predict tumor response to 
neoadjuvant therapy using radiomics anal-
ysis of both the tumor and mesorectum. The 
area under the receiver operating charac-
teristic values were 0.781 for the tumor-on-
ly model, 0.726 for the mesorectum-only 
model, and 0.837 for the combined tumor 
and mesorectum model.

•	 Molecular alterations in peritumoral adi-
pocytes may induce subtle magnetic reso-
nance imaging signal changes that are not 
visually apparent, highlighting the value of 
radiomics in quantitatively capturing these 
hidden imaging features.

•	 Radiomic-based assessment of the me-
sorectum underscores its added prognostic 
value in evaluating neoadjuvant treatment 
response, providing complementary in-
sights beyond tumor-derived radiomic sig-
natures.
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Both tumor tissue and mesorectal adipose 
tissue were examined in this study. Tumor tis-
sue and mesorectum were segmented sep-
arately from T2WI. In addition, tumor tissue 
was segmented using diffusion-weighted 
imaging (DWI).

Gy-level normalization and Gy-level dis-
cretization were performed to minimize the 
impact of differences in acquisition proto-
cols on texture features and to generate a 
homogeneous dataset. For this reason, the 
voxel values of each lesion in three axes (x, 
y, z) were recorded, and the median values 
of these recorded data were obtained. These 
median values were then utilized as opti-
mized parameters in the texture analysis of 
each lesion.12 The intensity range was nor-
malized using Z-scoring [mean ± 3 standard 
deviation (SD)]. Image intensities were dis-
cretized into 128 fixed bins. 

In the study, the MRI images obtained at 
the time of diagnosis (pre-treatment MRI) 
were evaluated. Three radiologists with 5 

years (AC), 4 years (RCY), and 33 years (FB) of 
experience in radiology evaluated the imag-
es of 10 patients together. The first radiolo-
gist (AC) performed a three-dimensional (3D) 
semi-automatic segmentation of the entire 
tumor (Figure 2a, b) and mesorectal adipose 
tissue (Figure 3) from the axial T2WI without 
fat suppression of all patients. Mesorectum 
segmentation was conducted from the point 
of attachment of the anterior peritoneal re-
flection to the rectal wall in the cranial sec-
tion to the intersphincteric area in the caudal 
section. The second radiologist (RCY) per-
formed a 3D semi-automatic segmentation 
of the entire tumor using DWI images (Figure 
2c, d) and ADC mapping (Figure 2e, f ) in the 
axial plane of all patients. The total number 
of radiomics features obtained was 17,978.

Statistical analysis

Statistical analyses were performed using 
IBM SPSS Statistics version 24.0 (IBM Corp., 
Armonk, NY, USA). The normality of numeri-
cal variables, such as age, was assessed using 

the Kolmogorov–Smirnov test. Correlation 
analyses between radiomic features were 
performed using the Spearman rank correla-
tion coefficient, as the features did not follow 
a normal distribution. Continuous variables 
were expressed as mean ± SD, and differenc-
es in mean age between groups were ana-
lyzed using the independent samples t-test. 
Categorical variables, including sex, distance 
of extramural extension, and distance to the 
mesorectal fascia, were compared between 
groups using the Pearson chi-squared test, as 
all expected cell frequencies were ≥5. For the 
comparison of pretreatment, where expect-
ed cell counts were below the acceptable 
threshold, the Fisher–Freeman–Halton test 
was applied. A P value of <0.05 was consid-
ered statistically significant.

Feature selection and machine learning 
models

Radiomic analysis was conducted using 
LIFEx software to extract features from tu-
mor and mesorectal segmentations. Prior 
to feature selection, all radiomic features 
were normalized using Z-score normaliza-
tion. To ensure reproducibility, interobserv-
er agreement was assessed on 20 randomly 
selected patients using (ICC)(3,1) (two-way 
mixed-effects model, absolute agreement, 
single measures). Features with ICC values 
of <0.60 were excluded from further analy-
sis. Feature selection was performed using 
the least absolute shrinkage and selection 
operator (LASSO) regression method to re-
duce dimensionality and retain the most 
predictive features while minimizing the risk 
of overfitting. The top five features with the 
highest coefficients were selected for model 
training. To address class imbalance between 
groups, the synthetic minority over-sam-
pling technique (SMOTE) was applied exclu-
sively to the training folds during cross-vali-
dation to avoid data leakage (Figure 4). The 
extracted radiomic data were transferred to 
Python (version 3.9). Machine learning clas-
sifiers–including logistic regression, random 
forest, extreme gradient boosting (XGBoost), 
support vector machine (SVM) with radial 
basis function (RBF) kernel, and k-nearest 
neighbors (KNN)–were implemented using 
the scikit-learn and XGBoost libraries. Mod-
el performance was evaluated using 10-fold 
cross-validation. In each iteration, the data-
set was split into 9 folds for training and 1 
fold for testing, repeated 10 times to cal-
culate average performance.13,14 Evaluation 
metrics included accuracy, precision, recall, 
F1-score, and area under the receiver operat-
ing characteristic (ROC) curve (AUC).

Figure 1. Flowchart of the study. LARC, locally advanced rectal cancer; CRT, chemoradiotherapy; MR, 
magnetic resonance.

Table 1. Modified Ryan scheme for tumor regression score

Description Tumor regression score

No viable cancer cells (complete response) 0

Single cells or rare small groups of cancer cells (near complete response) 1

Residual cancer with evident tumor regression, but more than single cells 
or rare small groups of cancer cells (partial response) 2

Extensive residual cancer with no evident tumor regression 
(poor or no response) 3
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The methodological quality of this study 
was evaluated using the METhodological 
RadiomICs Score (METRICS), a standardized 
tool comprising 30 parameters that assess 
key aspects of radiomics research, including 
imaging acquisition, feature extraction, and 
model validation. The METRICS tool cate-
gorizes studies into quality ratings of very 
low (0%–20%), low (20%–40%), moderate 
(40%–60%), good (60%–80%), and excellent 
(80%–100%).15

Results
In this study, a total of 101 patients [mean 

age 61.6 ± 13.59 years, 34 women (33.7%) 
and 67 men (66.3%)] with LARC were evalu-
ated using high-resolution rectal MRI.

In the initial MRI, of 101 patients, 15.8% (n 
= 16) were staged as T2, 41.6% (n = 42) were 
staged as T3b, 20.8% (n = 21) were staged as 
T3c, 11.9% (n = 12) were staged as T3d, 6% (n 
= 6) were staged as T4a, and 4% (n = 4) were 

staged as T4b. In the MRI images obtained for 
re-staging after neoadjuvant CRT, 8% (n = 8) 
were in the T0 stage, 15% (n = 15) were in the 
T1 stage, 52.5% (n = 53) were in the T2 stage, 
12% (n = 12) were in the T3b stage, 6% (n = 6) 
were in the T3c stage, 2% (n = 2) were in the 
T3d stage, 2% (n = 2) were in the T4a stage, 
and 3% (n = 3) were in the T4b stage. 

The response to neoadjuvant treatment, 
according to the findings in the postopera-
tive pathological material, was divided into 
groups by modified Ryan scoring. There were 
21 patients (20%) with a Ryan score of 0, 15 
patients (15%) with a modified Ryan score of 
1, 50 patients (50%) with a score of 2, and 15 
patients (15%) with a score of 3. Patients with 
modified Ryan scores of 0–1 were classified 
as responding, and patients with modified 
Ryan scores of 2–3 were classified as non-re-
sponding (Figure 5).

A total of 101 patients were included 
in the study, of whom 36 were classified as 
good responders (36%) and 65 as poor re-
sponders (64%). The mean age of good re-
sponders was 62 ± 12.5 years, and the mean 
age of poor responders was 65 ± 9.5 years. 
No statistically significant difference was ob-
served between the mean age of patients 
who responded well and poorly to neoadju-
vant treatment (P = 0.115). No significant cor-
relation was identified between the T stage 
(P = 0.196), extramural extension (0.167), the 
proximity of the tumor to the mesorectal 
fascia (P = 0.316), and the neoadjuvant treat-
ment response (Table 2).

A radiomic analysis was conducted on 
the tumor and mesorectum to predict the 
response of the neoadjuvant CRT. 

Prediction of treatment response

In the analyses performed to predict neo-
adjuvant CRT response, 25 radiomics fea-
tures from the tumor (Table 3) and 20 radio-
mics features from the mesorectum (Table 3) 
were found to be significant (P < 0.05).

Radiomic features were extracted from 
the tumor region on T2WI and DWI MRI im-
ages to construct the tumor-only model. 
The five most predictive parameters were 
selected using LASSO. Multiple machine 
learning models were constructed. The ran-
dom forest classifier achieved an accuracy of 
69.2%, a precision of 70.2%, a recall of 66.7%, 
an F1-score of 68.4%, and an AUC of 0.781. 
The XGBoost model yielded an AUC of 0.737. 
The logistic regression, SVM (RBF kernel), and 

Figure 2. Tumor segmentation T2 weighted imaging (a-b), tumor directed acyclic graph segmentation (c-d), 
Tumor apparent diffusion coefficient map segmentation (e-f).

e

c d
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KNN models resulted in AUCs of 0.714, 0.676, 
and 0.700, respectively. A detailed summary 
of the performance metrics for all classifiers 
in the models is presented in Table 4. The 
ROC curves for all five classifiers construct-
ed in the tumor-only model are illustrated 
in Figure 6a. The odds ratios (ORs) and 95% 
confidence intervals (CIs) from the logistic re-
gression models are summarized in Table 5.

Radiomic features were extracted from 
the mesorectum on T2WI images to construct 
the mesorectum-only model. The five most 
predictive parameters were selected using 
LASSO. Multiple machine learning models 
were constructed. The logistic regression 
model achieved an accuracy of 66.7%, a pre-
cision of 66.1%, a recall of 68.3%, an F1-score 
of 67.2%, and an AUC of 0.726. The XGBoost 
and random forest models yielded AUCs of 
0.708 and 0.700, respectively. The SVM (RBF 
kernel) and KNN models resulted in AUCs 
of 0.711 and 0.661, respectively. A detailed 
summary of the performance metrics for all 
classifiers in the models is presented in Table 
4. The ROC curves for all five classifiers con-
structed in the mesorectum-only model are 
illustrated in Figure 6b. The ORs and 95% CIs 
from the logistic regression models are sum-
marized in Table 5.

Radiomic features extracted from both 
the tumor and mesorectum regions were 
combined to construct the combined model. 
The five most predictive parameters were se-
lected using LASSO. Multiple machine learn-
ing models were constructed. The logistic 
regression model achieved an accuracy of 
81%, a precision of 82.1%, a recall of 81.4%, 
an F1-score of 81.9%, and an AUC of 0.837. 
The random forest model yielded an AUC of 
0.816. The AUCs for the XGBoost, SVM (RBF 
kernel), and KNN models were 0.789, 0.811, 
and 0.754, respectively. A detailed summary 
of the performance metrics for all classifiers 
in the models is presented in Table 4. The 
ROC curves for all five classifiers construct-
ed in the combined model are illustrated in  
Figure 6c. The ORs and 95% CIs from the lo-
gistic regression models are summarized in 
Table 5.

Based on the METRICS assessment, the 
study achieved a score of 80.3%, classifying 
it as “excellent quality” (80 ≤ score ≤ 100%) 
(Appendix 1).

Figure 3. Mesorectum segmentation T2 weighted imaging (a, b).

a b

Figure 4. Pipeline for radiomic feature extraction and predictive model development in magnetic resonance 
imaging. MRI, magnetic resonance imaging.

Figure 5. Distribution of patient responses to treatment based on modified Ryan score.
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Discussion 
In this study, we constructed a series of 

machine-learning models to predict tumor 
response to neoadjuvant therapy by ana-
lyzing radiomic features extracted from the 
tumor, mesorectum, and their combination. 
The AUC values for the three segmentation 
approaches were as follows: 0.781 for the 
tumor-only model (random forest), 0.726 
for the mesorectum-only model (logistic re-
gression), and 0.837 for the combined model 
(logistic regression). This finding highlights 
the complementary value of the mesorectal 
compartment in radiomics modeling and its 
contribution to improving the performance 
of prediction models in LARC.

Personalized treatment protocols have 
become a prominent feature of clinical prac-
tice to minimize side effects, increase the 
frequency of organ-sparing surgery, and im-
prove the clinical complete response rate in 
LARCs.6,16,17 The prediction of CRT response 
has emerged as a valuable marker for guid-
ing the development of personalized thera-
pies. The potential of radiomics for predict-
ing the response to LARC treatment has been 
the subject of numerous studies. In the ma-
jority of studies, radiomics models of tumor 

tissue were constructed from MRI obtained 
before and/or after CRT.18-20

Mesorectal adipocytes not only act as an 
anatomical barrier surrounding the tumor 
but also actively contribute to the tumor 
microenvironment. The dynamic crosstalk 
between tumor cells and adipocytes induc-
es profound morphological and functional 
changes in adipocytes, altering the secretion 
of adipokines (e.g., leptin, adiponectin) and 
angiogenic factors (e.g., VEGF, IGF-1). These 
changes promote key biological processes, 
such as tumor progression, angiogenesis, 
and therapeutic and radiotherapy resis-
tance.21-25 Furthermore, molecular profile al-
terations within peritumoral adipocytes can 
lead to subtle MRI signal changes that may 
not be detectable through conventional vi-
sual assessment. This underscores the impor-
tance of radiomic analyses, which facilitate 
the extraction of hidden imaging data and 
provide a quantitative evaluation of subtle 
changes that would otherwise remain unde-
tected.26,27

In our study, we aimed to detect chang-
es at the cellular level by performing radio-
mics measurements from morphologically 
non-pathologic mesorectum, which did not 

include tumor deposits, extramural tumor 
extension, or lymph nodes. The mesorec-
tum contains adipocytes whose molecular 
profiles are altered in response to tumor 
processes, as well as venous and lymphat-
ic structures that facilitate the drainage of 
waste products from both the tumor and 
surrounding tissues. Recent literature sug-
gests that this microenvironment harbors 
prognostic information comparable with the 
tumor itself.7,8

Relatively few MRI-based studies have 
incorporated mesorectal features into ra-
diomics modeling. Shaish et al.8 reported 
an AUC of 0.800 using both tumor and me-
sorectal features from pretreatment MRI in 
132 patients. Jayaprakasam et al.7 evaluat-
ed mesorectal features alone in a larger co-
hort of 236 patients and achieved an AUC of 
0.890 for predicting pathological complete 
response. Kaval et al.28 assessed tumor-only 
and combined models in 93 patients, report-
ing AUCs of 0.850 and 0.830, respectively. 
Although tumor segmentation yielded the 
highest AUC in that study, the addition of 
mesorectal features led to improved sensitiv-
ity (90%) and overall accuracy (79%), further 
supporting the complementary role of the 
mesorectum in response assessment. 

Although variations in study design, 
sample size, and endpoints may account 
for differences in performance, our results 
remain consistent with the existing litera-
ture, highlighting the importance of includ-
ing mesorectal features for more accurate  
prediction of treatment response.

Compared with our models, which relied 
solely on MRI-based tumor and mesorectal 
features, the computed tomography-based 
radiomics approach developed by Wang et 
al.29 demonstrated lower predictive perfor-
mance, with an AUC of 0.68 for identifying 
high-risk neoadjuvant rectal (NAR) scores. 
Notably, their analysis found mesorectal fea-
tures to be more predictive than intratumor-
al features. In contrast, our results indicated 
that tumor-derived features contributed 
more strongly to treatment response predic-
tion, suggesting that differences in imaging 
modality, feature representation, and end-
point definition (Ryan score vs. NAR) may 
explain the discrepancy. These findings sup-
port the utility of MRI-based radiomics as a 
more accurate and robust non-invasive tool 
for individualized response prediction.

Table 2. Comparison of radiological and clinical parameters between responders and  
non-responders in rectal cancer treatment

Responding 
(modified Ryan score 0–1) 

n (%)

Non-responding 
(modified Ryan score 2–3) 

n (%)

P value

Sex 0.137

Male  20 (29.9%)  47 (70.1%)

Female  16 (47.1%)  18 (52.9%)

Pre-CRT T stage (MRI) 0.201

 T2 8 (50%) 8 (50%)

 T3b 16 (38.1%) 26 (61.9%)

 T3c 9 (42.9%) 12 (57.1%)

 T3d 1 (8.33%) 11 (91.7%)

 T4a 1 (16.7%) 5 (83.3%)

 T4b 1 (25%) 3 (75%)

Distance of extramural 
extension 0.167

 ≤5 mm 22 (43.1%) 29 (56.9%)

 >5 mm 14 (28%) 36 (72%)

Distance to the mesorectal 
fascia 0.316

 0 mm  9 (25.7%) 26 (74.3%)

 1–2 mm  9 (40.9%) 13 (59.1%)

 ≥3 mm  18 (40.9%) 26 (59.1%)

CRT, chemoradiotherapy; MRI, magnetic resonance imaging.
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Table 3. Diagnostic performance of tumor and mesorectum radiomics features for treatment response prediction 
T2WI-tumor radiomics features (treatment response) Sensitivity Specificity PPV NPV AUC P value

GLCM_Autocorrelation 0.43 0.43 0.43 0.43 0.64 0.01

INTENSITY-HISTOGRAM_IntensityHistogramMedian 0.58 0.4 0.49 0.49 0.62 0.02

INTENSITY-HISTOGRAM_IntensityHistogram50thPercentile 0.58 0.4 0.49 0.49 0.62 0.02

INTENSITY-HISTOGRAM_IntensityHistogramSkewness 0.53 0.53 0.53 0.53 0.6 0.02

GLSZM_ZoneSizeNonUniformity 0.58 0.58 0.58 0.58 0.6 0.02

GLCM_SumAverage 0.4 0.4 0.4 0.4 0.67 0.02

GLCM_JointAverage 0.4 0.4 0.4 0.4 0.67 0.02

GLCM_ClusterShade 0.55 0.55 0.55 0.55 0.6 0.03

INTENSITY-HISTOGRAM_IntensityHistogram75thPercentile 0.48 0.48 0.48 0.48 0.59 0.04

DWI-tumor radiomics features (treatment response)

INTENSITY-HISTOGRAM_MinimumHistogramGradient(IBSI:VQB3)[Intensity] 0.42 0.38 0.4 0.4 0.64 <0.01

GLRLM_LongRunsEmphasis(IBSI:W4KF) 0.6 0.6 0.6 0.6 0.63 <0.01

GLRLM_RunPercentage(IBSI:9ZK5) 0.42 0.42 0.42 0.42 0.62 <0.01

GLSZM_ZonePercentage(IBSI:P30P) 0.43 0.43 0.43 0.43 0.62 <0.01

GLRLM_ShortRunsEmphasis(IBSI:22OV) 0.42 0.42 0.42 0.42 0.62 <0.01

GLSZM_LargeZoneEmphasis(IBSI:48P8) 0.57 0.57 0.57 0.57 0.62 0.01

NGTDM_Busyness(IBSI:NQ30) 0.55 0.55 0.55 0.55 0.6 0.01

GLRLM_GreyLevelNonUniformity(IBSI:R5YN) 0.58 0.58 0.58 0.58 0.58 0.02

GLSZM_ZoneSizeVariance(IBSI:3NSA) 0.58 0.58 0.58 0.58 0.62 0.02

GLSZM_GreyLevelNonUniformity(IBSI:JNSA) 0.57 0.57 0.57 0.57 0.58 0.02

GLSZM_SmallZoneEmphasis(IBSI:5QRC) 0.43 0.43 0.43 0.43 0.61 0.02

GLSZM_NormalisedZoneSizeNonUniformity(IBSI:VB3A) 0.43 0.43 0.43 0.43 0.61 0.03

GLCM_InverseDifferenceMoment(IBSI:WF0Z) 0.53 0.53 0.53 0.53 0.59 0.03

MORPHOLOGICAL_voxelsCounting(IBSI:No)[#vx] 0.55 0.55 0.55 0.55 0.56 0.04

GLRLM_RunLengthNonUniformity(IBSI:W92Y) 0.55 0.55 0.55 0.55 0.56 0.04

INTENSITY-HISTOGRAM_MaximumHistogramGradient(IBSI:12CE)[Intensity] 0.58 0.53 0.56 0.56 0.57 0.05

T2WI-mesorectum radiomics features (treatment response)

T2M-MORPHOLOGICAL_SurfaceArea(IBSI:C0JK)[mm2] 0.63 0.63 0.63 0.63 0.69 <0.01

T2M-GLSZM_ZoneSizeNonUniformity(IBSI:4JP3) 0.65 0.65 0.65 0.65 0.72 <0.01

MORPHOLOGICAL_Maximum3DDiameter(IBSI:L0JK)[mm] 0.65 0.65 0.65 0.65 0.68 <0.01

INTENSITY-HISTOGRAM_RootMeanSquare(IBSI:No)[Intensity] 0.33 0.33 0.33 0.33 0.72 <0.01

MORPHOLOGICAL_Sphericity(IBSI:QCFX)[] 0.4 0.4 0.4 0.4 0.66 <0.01

MORPHOLOGICAL_SphereDiameter(IBSI:No)[mm] 0.62 0.62 0.62 0.62 0.66 <0.01

MORPHOLOGICAL_Compactness1(IBSI:SKGS)[] 0.4 0.4 0.4 0.4 0.66 <0.01

MORPHOLOGICAL_Asphericity(IBSI:25C7)[] 0.58 0.58 0.58 0.58 0.65 <0.01

MORPHOLOGICAL_SphericalDisproportion(IBSI:KRCK)[] 0.58 0.58 0.58 0.58 0.65 <0.01

MORPHOLOGICAL_Compactness2(IBSI:BQWJ)[] 0.4 0.4 0.4 0.4 0.66 <0.01

MORPHOLOGICAL_Compacity(IBSI:No)[] 0.58 0.58 0.58 0.58 0.65 <0.01

NGTDM_Strength(IBSI:1X9X) 0.38 0.38 0.38 0.38 0.64 <0.01

NGTDM_Coarseness(IBSI:QCDE) 0.38 0.38 0.38 0.38 0.63 <0.01

INTENSITY-HISTOGRAM_MinimumHistogramGradientGreyLevel(IBSI:RHQZ)
[Intensity] 0.42 0.38 0.5 0.39 0.62 <0.01

GLSZM_GreyLevelNonUniformity(IBSI:JNSA) 0.62 0.62 0.62 0.62 0.67 <0.01

INTENSITY-HISTOGRAM_IntensityHistogramMinimumGreyLevel(IBSI:1PR8)
[Intensity] 0.49 0.44 0.5 0.42 0.57 0.01

INTENSITY-BASED_IntensityBasedCoefficientOfVariation(IBSI:7TET)[] 0.47 0.47 0.47 0.47 0.58 0.03

NGTDM_Complexity(IBSI:HDEZ) 0.62 0.62 0.62 0.62 0.64 0.04

GLRLM_RunLengthNonUniformity(IBSI:W92Y) 0.62 0.62 0.62 0.62 0.67 0.04

MORPHOLOGICAL_SurfaceToVolumeRatio(IBSI:2PR5)[mm] 0.42 0.42 0.42 0.42 0.59 0.05

T2WI, T2-weighted imaging; DWI, diffusion weighted imaging; GLCM, gray-level co-occurrence matrix; GLRLM, gray-level run-length matrix; NGTDM, neighborhood gray-tone 
difference matrix; GLSZM, gray-level size zone matrix; AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value.
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Table 5. Odds ratios and 95% confidence intervals of the logistic regression models constructed for the tumor-only, mesorectum-only, and 
combined model

Tumor-only model

Radiomic features P value Odds ratio 95% CI lower 95% CI upper

T2T-GLCM_Autocorrelation (IBSI:QWB0) 0.010 7.989 1.645 38.800

D-GLCM_ClusterProminence (IBSI:AE86) 0.222 1.351 0.833 2.190

D-INTENSITY-HISTOGRAM_MinimumHistogramGradient (IBSI:VQB3) [Intensity] <0.001 2.968 1.571 5.610

T2T-INTENSITY-HISTOGRAM_IntensityHistogramMode (IBSI:AMMC) [Intensity] 0.587 0.855 0.485 1.510

D-INTENSITY-HISTOGRAM_IntensityHistogramCoefficientOfVariation (IBSI:CWYJ) 
[Intensity] 0.035 8.861 1.160 67.670

Mesorectum-only model

Radiomic features

T2M-GLSZM_ZoneSizeNonUniformity (IBSI:4JP3) 0.037 0.602 0.373 0.971

T2M-MORPHOLOGICAL_SphericalDisproportion (IBSI:KRCK) 0.515 0.491 0.058 4.187

T2M-MORPHOLOGICAL_SurfaceArea (IBSI:C0JK) [mm2] 0.345 0.750 0.414 1.361

T2M-INTENSITY-HISTOGRAM_MinimumHistogramGradientGreyLevel (IBSI:RHQZ) 
[Intensity] 0.052 1.592 0.997 2.544

T2M-MORPHOLOGICAL_Sphericity (IBSI:QCFX) 0.847 0.811 0.096 6.834

Combined model

Radiomic features

T2T-GLCM_Autocorrelation (IBSI:QWB0) 0.014 9.819 1.577 61.139

T2M-INTENSITY-HISTOGRAM_MinimumHistogramGradientGreyLevel (IBSI:RHQZ) 
[Intensity] 0.017 2.069 1.142 3.747

T2M-GLSZM_ZoneSizeNonUniformity (IBSI:4JP3) 0.002 0.438 0.258 0.746

T2M-NGTDM_Complexity (IBSI:HDEZ) 0.009 0.461 0.257 0.827

D-GLCM_InverseDifferenceMoment (IBSI:WF0Z) <0.001 0.313 0.163 0.602

CI, confidence Interval; GLCM, gray-level co-occurrence matrix; GLRLM, gray-level run-length matrix; NGTDM, Neighborhood Gray-Tone difference matrix; GLSZM, gray-level size 
zone matrix.

Table 4. Summary of classification performance metrics across tumor-only, mesorectum-only, and combined radiomic models

Tumor-only model Accuracy Precision Recall F1-score AUC

Logistic regression 0.617 0.621 0.600 0.610 0.714

Random forest 0.692 0.702 0.667 0.684 0.781

XGBoost 0.658 0.661 0.650 0.655 0.737

SVM (RBF kernel) 0.667 0.685 0.617 0.649 0.676

K-nearest neighbors 0.658 0.702 0.550 0.617 0.700

Mesorectum-only model

Logistic regression 0.667 0.661 0.683 0.672 0.726

Random forest 0.575 0.579 0.550 0.564 0.700

XGBoost 0.658 0.661 0.650 0.655 0.708

SVM (RBF kernel) 0.658 0.686 0.583 0.631 0.711

K-nearest neighbors 0.575 0.574 0.583 0.579 0.661

Combined model

Logistic regression 0.810 0.821 0.814 0.819 0.837

Random forest 0.750 0.768 0.717 0.741 0.816

XGBoost 0.683 0.704 0.633 0.667 0.789

SVM (RBF kernel) 0.767 0.767 0.767 0.767 0.811

K-nearest neighbors 0.717 0.724 0.700 0.712 0.754

AUC, Area under the curve; XGBoost, extreme gradient boosting; SVM (RBF kernel), support vector machine with radial basis function kernel.
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Multiple models were developed to pre-
dict treatment response using radiomic fea-
tures extracted from the tumor, mesorectal, 
and combined regions. Although classifica-
tion performance varied across models, lo-
gistic regression, by providing ORs, enabled 
clinically meaningful interpretation across 
the three datasets.30,31 The tumor-only logis-
tic regression model was primarily driven by 
texture-and intensity-based features, reflect-
ing intratumoral heterogeneity. In contrast, 
the mesorectum-only model included sever-
al morphological descriptors, though only a 
zone-based texture feature showed statisti-
cal significance. These findings indicate that 
mesorectal adipose tissue may reflect struc-
tural or spatial texture changes relevant to 
treatment response, even in the absence of 
pronounced intensity heterogeneity.

The combined logistic regression model 
demonstrated a more balanced and robust 
predictive performance than the individual 
models. All five features selected via LAS-
SO contributed significantly to the model’s 
performance. Notably, features indicative 
of tissue homogeneity, such as Gy-level au-
tocorrelation and smooth intensity gradient 
transitions, were associated with favorable 
response, whereas heterogeneity-related 
features, including zone size non-uniformity 
and local textural complexity, were linked to 
poor response. These results support the hy-
pothesis that radiomic heterogeneity reflects 
underlying biological disorganization or re-
sistance, whereas homogeneity may indicate 
a more organized and treatment-sensitive 
tumor architecture. This interpretation aligns 
with existing literature. Tumor heterogeneity 
has been widely associated with treatment 
resistance and poor prognosis.32,33

According to our most predictive model 
(tumor + mesorectum), second-order ra-
diomic features–particularly those derived 
from the Gy-level co-occurrence matrix 
(GLCM), Gy-level size zone matrix (GLSZM), 
and neighboring Gy tone difference ma-
trix (NGTDM)–demonstrated the highest 
predictive value. These matrices assess tis-
sue heterogeneity at different levels: GLCM 
captures local structural variability; GLSZM 
quantifies the size and uniformity of homo-
geneous zones; and NGTDM evaluates visual 
texture by comparing a central voxel to its 
neighbors. Supporting our findings, Shaish 
et al.8 reported similar prognostic relevance 
of these features in evaluating response to 
neoadjuvant therapy. Additionally, Mazzei et 
al.33 showed that changes in GLCM features 
before and after treatment in patients with 
gastric cancer correlated with response, em-

Figure 6. Receiver operating characteristic curves of the five classifiers (10-fold cross-validation) (a) tumor-
only model, (b) mesorectum-only model, (c) combined model.

a

b

c
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phasizing the potential of these features as 
imaging biomarkers.

In radiomics-based machine learning, 
model performance is strongly shaped by 
factors such as limited sample size, high fea-
ture dimensionality, multicollinearity, and 
class imbalance.34 Our study reflects these 
challenges, as we analyzed 101 patients with 
rectal cancer using 17,978 radiomic features 
extracted from pretreatment MRI images. 
To mitigate the risk of overfitting and im-
prove model generalizability, we applied 
LASSO-based feature selection and SMOTE-
based class balancing. Among the tested 
algorithms, logistic regression with LASSO 
stood out by consistently providing robust 
and interpretable predictions, especially in 
the combined and mesorectum-only mod-
els, with strong AUC and F1 scores.35 Ensem-
ble methods, such as random forest and XG-
Boost, also performed well, reflecting their 
ability to model complex, non-linear rela-
tionships in high-dimensional data.36,37 Nota-
bly, in the tumor-only model, random forest 
yielded the highest predictive performance, 
possibly due to its inherent ensemble struc-
ture, which reduces variance and captures 
localized, non-linear dependencies within 
tumor-derived radiomic features.

Conversely, distance-based algorithms, 
such as KNN and SVM, showed moderate 
but generally lower performance than oth-
er models. Their results may reflect meth-
odological limitations, such as sensitivity to 
feature scaling, reduced robustness to noise, 
and a higher risk of overfitting in high-di-
mensional, low-sample-size contexts–issues 
that often require careful tuning and pre-
processing to overcome.38,39 Nevertheless, 
SVM yielded relatively strong performance in 
the combined model, suggesting that, when 
provided with sufficiently rich and diverse in-
put features, distance-based algorithms may 
perform competitively despite their known 
limitations.

This study has several limitations, includ-
ing its retrospective nature, single-center 
origin, and limited sample size. Although ex-
ternal validation was not feasible due to the 
small cohort, we employed 10-fold cross-val-
idation to support model robustness. A hold-
out set was not conducted due to the limited 
number of cases, and dividing the data into 
training and test sets would have resulted in 
information loss. Furthermore, one mucinous 
tumor was not excluded from our patient 
cohort. Images with different pixel and FOV 
sizes were registered in the picture archiving 

and communication system in our study. This 
limitation was overcome by utilizing tech-
niques such as pixel size readjustment, nor-
malization, and Gy-level discretization.

In conclusion, our study showed that 
combining radiomic features from both the 
tumor and mesorectum improves the pre-
diction of response to neoadjuvant CRT in 
LARC. The combined model outperformed 
tumor-only and mesorectum-only models, 
achieving the highest AUC (0.837) and su-
perior overall classification metrics. Incor-
porating mesorectal features resulted in a 
more balanced and more accurate model, 
highlighting the complementary role of the 
mesorectum in individualized response pre-
diction. To enable the routine clinical appli-
cation of these findings, further validation 
through large-scale, multicenter prospective 
studies is warranted. 
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A R T I F I C I A L  I N T E L L I G E N C E  A N D  I N F O R M AT I C S
O R I G I N A L  A R T I C L E

Comparison of the diagnostic performance of the artificial intelligence-
based TIRADS algorithm with established classification systems for 
thyroid nodules

PURPOSE
This study aimed to evaluate and compare the diagnostic performance of various Thyroid Imaging 
Reporting and Data Systems (TIRADS), with a particular focus on the artificial intelligence-based 
TIRADS (AI-TIRADS), in characterizing thyroid nodules.

METHODS
In this retrospective study conducted between April 2016 and May 2022, 1,322 thyroid nodules 
from 1,139 patients with confirmed cytopathological diagnoses were included. Each nodule was 
assessed using TIRADS classifications defined by the American College of Radiology (ACR-TIRADS), 
the American Thyroid Association (ATA-TIRADS), the European Thyroid Association (EU-TIRADS), the 
Korean Thyroid Association (K-TIRADS), and the AI-TIRADS. Three radiologists independently eval-
uated the ultrasound (US) characteristics of the nodules using all classification systems. Diagnostic 
performance was assessed using sensitivity, specificity, positive predictive value (PPV), and nega-
tive predictive value, and comparisons were made using the McNemar test.

RESULTS
Among the nodules, 846 (64%) were benign, 299 (22.6%) were of intermediate risk, and 147 (11.1%) 
were malignant. The AI-TIRADS demonstrated a PPV of 21.2% and a specificity of 53.6%, outperform-
ing the other systems in specificity without compromising sensitivity. The specificities of the ACR-TI-
RADS, the ATA-TIRADS, the EU-TIRADS, and the K-TIRADS were 44.6%, 39.3%, 40.1%, and 40.1%, 
respectively (all pairwise comparisons with the AI-TIRADS: P < 0.001). The PPVs for the ACR-TIRADS, 
the ATA-TIRADS, the EU-TIRADS, and the K-TIRADS were 18.5%, 17.9%, 17.9%, and 17.4%, respective-
ly (all pairwise comparisons with the AI-TIRADS, excluding the ACR-TIRADS: P < 0.05).

CONCLUSION
The AI-TIRADS shows promise in improving diagnostic specificity and reducing unnecessary biop-
sies in thyroid nodule assessment while maintaining high sensitivity. The findings suggest that the 
AI-TIRADS may enhance risk stratification, leading to better patient management. Additionally, the 
study found that the presence of multiple suspicious US features markedly increases the risk of 
malignancy, whereas isolated features do not substantially elevate the risk.

CLINICAL SIGNIFICANCE
The AI-TIRADS can enhance thyroid nodule risk stratification by improving diagnostic specificity 
and reducing unnecessary biopsies, potentially leading to more efficient patient management and 
better utilization of healthcare resources.

KEYWORDS
Thyroid Imaging Reporting and Data Systems, thyroid cancer, artificial intelligence, thyroid nodules, 
ultrasonography
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Thyroid nodules are a widespread clin-
ical concern, detected in a substantial 
proportion of the general population 

through high-resolution ultrasound (US) ex-
aminations. The frequency of thyroid nod-
ules detected in people during routine US 
screenings varies between 20% and 68%. 
This range is influenced by factors such as 
demographic traits and the precision of the 
imaging technology employed.1,2 Although 
the majority of thyroid nodules are benign, 
approximately 5%–15% exhibit malignant 
potential, necessitating accurate risk strati-
fication to guide clinical management.3 The 
most important challenge in the evaluation 
of thyroid nodules is the distinction between 
benign and malignant lesions to determine 
the appropriate necessity for invasive investi-
gations such as fine needle aspiration biopsy 
(FNAB).4,5

FNAB is a cornerstone diagnostic tool for 
thyroid nodules with high sensitivity and 
specificity in differentiating benign from 
malignant lesions. However, it is not with-
out drawbacks, including being invasive, 
having the potential for nondiagnostic or 
indeterminate results, and causing patient 
discomfort.6,7 Consequently, there is a press-
ing need for non-invasive, reliable methods 
to enhance the accuracy of thyroid nodule 
classification, thereby reducing unnecessary 
biopsies and associated healthcare costs.8

US remains the primary imaging modali-
ty for the evaluation of thyroid nodules due 
to its accessibility, lack of ionizing radiation, 
and ability to provide detailed anatomical 
and structural information.9 These classifica-

tion systems risk-stratify the probability of 
malignancy based on specific sonographic 
features such as echogenicity, composition, 
shape, margin, and the presence of calcifica-
tions.10,11

Multiple Thyroid Imaging Reporting 
and Data Systems (TIRADS) have been pro-
posed by different organizations, including 
the American College of Radiology (ACR-TI-
RADS),12 the American Thyroid Association 
(ATA-TIRADS),4 the European Thyroid Associ-
ation (EU-TIRADS),13 and the Korean Thyroid 
Association (K-TIRADS).14 Despite their wide-
spread adoption, variability exists among 
these systems in criteria weighting, risk cat-
egorization, and recommended manage-
ment strategies, leading to inconsistencies 
in clinical practice.15 This lack of consensus 
highlights the need for further refinement 
and the potential integration of advanced 
technologies to enhance diagnostic perfor-
mance.

Artificial intelligence (AI) and machine 
learning have been transformative in med-
ical imaging over the past decade, with the 
promise of improving traditional diagnostic 
practices.16 The AI-based TIRADS (AI-TIRADS) 
leverage computational algorithms to an-
alyze complex patterns in US data, aiming 
to improve the accuracy and consistency of 
thyroid nodule classification.17 Preliminary 
studies suggest that the AI-TIRADS may ex-
hibit higher specificity and reduced rates of 
unnecessary FNABs compared with the con-
ventional TIRADS, without compromising 
sensitivity.18,19 These advancements enable 
better thyroid nodule assessment, where 
AI-assisted decision-making can enhance 
clinical outcomes and optimize resource uti-
lization.

Moreover, the integration of AI into the 
TIRADS addresses critical issues such as 
interobserver variability and subjective in-
terpretation inherent in manual US evalua-
tions.20 By providing objective, reproducible 
assessments of nodular characteristics, the 
AI-TIRADS can standardize risk stratification 
across different healthcare settings and prac-
titioners.21 This is particularly pertinent in 
regions with limited access to specialized ra-
diologists, where AI-driven tools can support 
primary care providers in making informed 
decisions.22

Despite the promising potential of the 
AI-TIRADS, comprehensive evaluations com-
paring its diagnostic performance against 
established TIRADS are limited. Furthermore, 
the impact of AI integration on clinical work-
flows, patient anxiety, and overall healthcare 

costs warrants thorough investigation.23 Ad-
dressing these gaps is essential to validate 
the efficacy of the AI-TIRADS and facilitate 
its widespread adoption in routine clinical 
practice.

This study aims to compare and evaluate 
the diagnostic effectiveness of the AI-TIRADS 
with other currently established classification 
systems, such as the ACR-TIRADS, the ATA-TI-
RADS, the EU-TIRADS, and the K-TIRADS, in 
characterizing thyroid nodules. By analyzing 
a large cohort of patients with confirmed cy-
topathological diagnoses, this research seeks 
to determine the efficacy of the AI-TIRADS in 
improving specificity, reducing unnecessary 
FNABs, and enhancing overall diagnostic ac-
curacy.

Study sample

This retrospective investigation was con-
ducted with the approval of the local ethics 
committee, which also waived the require-
ment for informed consent due to the use of 
de-identified medical records (REDACTED). 
Approved by the Acıbadem University and 
Acıbadem Healthcare Institutions Medical 
Research Ethics Committee (ATADEK) on 
June 16, 2023, with decision number 2023-
10/360. The study included adult individuals 
who underwent thyroid US assessments at a 
single tertiary care institution between April 
2016 and May 2022. Initially, 1,322 thyroid 
nodules from 1,139 patients with confirmed 
cytopathological diagnoses were identified 
via the hospital information system and 
the picture archiving and communication 
system. All images were reviewed in Digital 
Imaging and Communications in Medicine 
format. Patients lacking complete cyto-
pathological information were excluded, re-
sulting in a final cohort comprising 1,110 
patients with 1,292 thyroid nodules. Further 
details are presented as a flowchart in Figure 
1. The study adhered to the Standards for Re-
porting of Diagnostic Accuracy guidelines to 
ensure integrity and transparency in the re-
porting process.24

All thyroid nodules were evaluated and 
classified according to five different TIRADS: 
the ACR-TIRADS, the ATA-TIRADS, the EU-TI-
RADS, the K-TIRADS, and the AI-TIRADS algo-
rithm.4,12-14,17

Wildman-Tobriner et al.17 optimized the 
ACR-TIRADS classification using AI. Three 
board-certified radiologists with more than 5 
years of experience in thyroid imaging inde-
pendently reviewed all nodules’ sonographic 
features, including echogenicity, composi-
tion, shape, margin, and calcifications. Dis-

Main points

•	 The artificial intelligence-based Thyroid 
Imaging Reporting and Data System (AI-TI-
RADS) exhibited enhanced specificity in 
comparison with other recognized systems 
such as the American College of Radiology 
(ACR)-TIRADS, the American Thyroid Asso-
ciation TIRADS, the European TIRADS, and 
the Korean TIRADS, concurrently preserving 
elevated sensitivity. 

•	 The AI-TIRADS notably reduced the inci-
dence of avoidable fine needle aspiration 
biopsies to 40.8%, compared with 49% for 
the ACR-TIRADS and exceeding 51% for the 
other systems. 

•	 The investigation validated that the exis-
tence of multiple concerning ultrasound 
characteristics is considerably correlated 
with an elevated risk of malignancy, where-
as singular features have diminished predic-
tive value, thereby underscoring the neces-
sity for thorough risk evaluation.
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agreements were resolved by consensus to 
prevent variation in classification. Indepen-
dent review for ground truth verification was 
not performed, as inter-rater reliability test-
ing was beyond the scope of the study.

Cytopathological diagnoses were cate-
gorized based on the Bethesda System for 
Reporting Thyroid Cytopathology.25 Nodules 
were classified as benign (Bethesda category 
2), indeterminate (Bethesda categories 3 and 
4), or malignant (Bethesda categories 5 and 
6). Nodules diagnosed as non-diagnostic or 
having inadequate material (Bethesda cate-
gory 1) were excluded from the analysis. This 
classification enabled a standardized assess-
ment of malignancy risk across the different 
TIRADS.

Statistical analysis

Statistical analyses were performed using 
the R programming language (R Core Team, 
2023) within the RStudio environment (RStu-
dio Team, 2023). All analyses were two-tailed, 
and a P value of less than 0.05 was consid-
ered statistically significant.

Descriptive statistics were used to char-
acterize the patient cohort. Continuous vari-
ables, such as age, were presented as mean 
± standard deviation for normally distributed 
data or as median (minimum–maximum) for 
non-normally distributed data. Categorical 
variables were expressed as frequency and 
percentage.

Comparative evaluations among groups 
were conducted using appropriate statistical 
methods. Independent sample t-tests were 
applied to compare continuous variables be-
tween two groups, and analysis of variance 
alongside Tukey’s post-hoc tests was used for 
comparisons among multiple groups. Cat-
egorical variables were analyzed using chi-
square or Fisher’s exact tests, as appropriate.

The performance of all TIRADS was as-
sessed by calculating sensitivity, specificity, 
positive predictive value (PPV), and nega-
tive predictive value (NPV) to evaluate each 
system’s accuracy in identifying malignant 
and benign nodules. Histopathology results 
with Bethesda scores of 2, 3, and 4 were con-
sidered negative, whereas scores of 5 and 6 
were considered positive. For TIRADS classifi-
cation, scores of 1, 2, and 3 were considered 
negative, and scores of 4 and 5 were consid-
ered positive. These metrics were computed 
using the caret package in R.26 Additionally, 
confidence intervals for sensitivity, specific-
ity, PPV, and NPV were calculated to assess 
the precision of these estimates. Differences 

in sensitivity and specificity between classi-
fication methods were evaluated using the 
McNemar test. Comparisons of PPV and NPV 
were conducted using the statistical package 
of Stock et al.27 

Results
In this study, 1,324 nodules detected in 

1,139 patients were evaluated, and 32 nod-
ules in 29 patients were excluded due to 
non-diagnostic or insufficient cytopatho-
logical material detected by FNAB. A total of 
1,110 patients with 1,292 nodules confirmed 
by cytopathological diagnosis were included. 
Of the 1,292 nodules included, 846 (65.4%) 
were diagnosed as benign, 299 (23.1%) as 
intermediate risk, and 147 (11.3%) as malig-
nant. The overall incidence of malignancy 
was approximately 11.5%. Example images 
with evaluations are shown in Figure 2.

Of the patients, 826 (72.5%) were women 
and 313 (27.5%) were men. Among the 947 
nodules in women, 629 (66.4%) were benign, 
217 (22.9%) were intermediate risk, and 101 
(10.6%) were malignant. Of the 345 nodules 
in men, 216 (62.6%) were benign, 81 (23.4%) 
were intermediate risk, and 48 (13.9%) were 
malignant. A statistically significant differ-

ence was found between malignancy rates 
in men and women (P < 0.001).

The average age of the patients was 46.33 
± 11.95 years; for women, it was 46.18 ± 
11.94 years, and for men, it was 47.37 ± 11.57 
years. The average age of patients with be-
nign nodules was 47.04 ± 11.62 years, where-
as those with intermediate-risk nodules 
had an average age of 46.46 ± 11.90 years. 
Patients diagnosed with malignant nodules 
were younger, with an average age of 40.97 
± 11.93 years (P < 0.001). The lower average 
age of patients with malignant nodules was 
observed. Further distribution of patient 
characteristics is summarized in Table 1.

The diagnostic performance parameters 
of the AI-TIRADS classification are as follows: 
sensitivity, specificity, PPV, and NPV, calcu-
lated as 95.3%, 53.8%, 21.2%, and 98.8%, 
respectively. The statistical analysis of malig-
nancy risk according to the AI-TIRADS guide-
lines is shown in Table 2.

The AI-TIRADS missed 7 cancer cases out 
of 149 (4.6%), the ACR-TIRADS missed 5 can-
cer cases out of 149 (3.3%), the ATA-TIRADS 
missed 3 cancer cases out of 146 (2%), the 
EU-TIRADS missed 3 cancer cases out of 149 

Figure 1. Flowchart of the study.
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(2%), and the K-TIRADS missed 3 cancer cases 
out of 149 (2%).

The sensitivity and specificity for the AI-TI-
RADS were 94.6% and 53.6%, respectively. 
The AI-TIRADS showed no statistically signif-
icant difference from all other TIRADS in sen-
sitivity but showed a statistically significant 
difference in specificity. In comparison, the 
ACR-TIRADS showed a sensitivity of 96.6% 
and a specificity of 44.6%. The ATA-TIRADS, 
the EU-TIRADS, and the K-TIRADS exhibited 
similar sensitivities of 97.9% but lower speci-
ficities ranging from 39.3% to 40.1%.

The PPV for the AI-TIRADS was 21.2%, 
which was statistically significantly higher 
than those of the ATA-TIRADS, the EU-TIRADS, 
and the K-TIRADS, which were 17.4%, 17.9%, 
and 17.9%, respectively. The PPV for the AI-TI-
RADS was not statistically significantly dif-
ferent from that of the ACR-TIRADS (18.5%). 
Unnecessary biopsy rates were interpreted 
based on PPVs (higher is better). The NPV for 
the AI-TIRADS was 98.8% and was not statis-
tically significantly different from those of 
the ACR-TIRADS, the ATA-TIRADS, the EU-TI-
RADS, and the K-TIRADS, which were 99%, 
99.3%, 99.3%, and 99.3%, respectively. Exam-
ples of false-positive images are provided in 
Figure 3. The diagnostic performances of the 
classification systems used in our study are 
shown in Table 3.

Discussion
This study compared the diagnostic accu-

racy of the AI-TIRADS with other classification 
systems, such as the ACR-TIRADS, the ATA-TI-
RADS, the EU-TIRADS, and the K-TIRADS, for 
thyroid nodule characterization. The study 
revealed that the AI-TIRADS had a sensitiv-
ity of 94.6% and a specificity of 53.6%, sur-
passing the other systems in specificity while 
maintaining comparable sensitivity levels. 
This indicates that the AI-TIRADS can effec-
tively reduce unnecessary FNABs without 
compromising the detection of malignant 
nodules.

The higher specificity of the AI-TIRADS 
aligns with recent studies suggesting that 
AI-enhanced algorithms improve risk strat-
ification accuracy by minimizing false-posi-
tive results.17,18 The reduction in unnecessary 
biopsies observed with the AI-TIRADS (PPV 
21.2%) compared with the ACR-TIRADS (PPV 
18.5%) and other systems (PPV <18%) under-
scores its potential to optimize clinical work-
flows and alleviate patient burden.12

Consistent with our findings, previous re-
search has indicated that AI-based systems 

can enhance diagnostic performance by ac-
curately analyzing complex US features be-
yond human capability.28,29 Additionally, the 
lack of substantial differences in malignancy 
rates between genders and the association 
of multiple suspicious US features with in-
creased cancer risk corroborate existing lit-
erature.4,5

The superior specificity of the AI-TIRADS 
(53.6%) compared with other systems such 

as the ACR-TIRADS (44.6%), the ATA-TIRADS 
(39.3%), the EU-TIRADS (40.1%), and the K-TI-
RADS (40.1%) is crucial in this context, as it 
suggests a greater ability to correctly classify 
benign nodules within this group, thereby 
reducing the rate of unnecessary FNABs. 
Wildman-Tobriner et al.17 reported findings 
consistent with ours, highlighting the better 
specificity of the AI-TIRADS. When intermedi-
ate-risk lesions (Bethesda 3 and 4) were clas-

Figure 2. Examples of evaluated images. (a) AI-TIRADS 1, ACR-TIRADS 2, EU-TIRADS 2, K-TIRADS 2, and ATA-
TIRADS 2 lesions. Histopathological evaluation was benign (Bethesda category 2). (b) AI-TIRADS 2, ACR-
TIRADS 3, EU-TIRADS 2, K-TIRADS 2, and ATA-TIRADS 2 lesions. Histopathological evaluation was benign 
(Bethesda category 2). (c) AI-TIRADS 3, ACR-TIRADS 3, EU-TIRADS 3, K-TIRADS 3, and ATA-TIRADS 3 lesions. 
Histopathological evaluation was benign (Bethesda category 2). (d) AI-TIRADS 4, ACR-TIRADS 4, EU-TIRADS 
4, K-TIRADS 4, and ATA-TIRADS 4 lesions. Histopathological evaluation was benign (Bethesda category 
2). (e) AI-TIRADS 5, ACR-TIRADS 5, EU-TIRADS 5, K-TIRADS 5, and ATA-TIRADS 5 lesions. Histopathological 
evaluation was malignant (Bethesda category 6). AI-TIRADS, artificial intelligence-based Thyroid Imaging 
Reporting and Data System; ACR, American College of Radiology; EU, European Thyroid Association TIRADS; 
K-TIRADS, Korean Thyroid Association TIRADS; ATA, American Thyroid Association.

a

c

b

d

e

Table 1. Distribution of patient characteristics across different histopathological diagnoses

Patient 
characteristics

Benign Malignant P value

Low-risk Intermediate risk

Sex - - - <0.001

Female 629 (66.4%) 217 (22.9%) 101 (10.7%) -

Male 216 (62.6%) 81 (23.5%) 48 (13.9%) -

Age 47.04 ± 11.62 46.46 ± 11.90 40.97 ± 11.93 <0.001
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sified as positive, the AI-TIRADS demonstrat-
ed a PPV of 48%, which was higher than that 
of the other systems (43%–45%). Although 
other systems showed higher sensitivities in 

this analysis (78%–81% compared with 72% 
for the AI-TIRADS), they did so at the cost of 
lower precision and PPV. This trade-off un-
derscores the clinical utility of the AI-TIRADS 

in the intermediate-risk category, where 
avoiding unnecessary biopsies for benign 
nodules is a primary goal. 

However, this study has limitations, in-
cluding its retrospective design, which may 
lead to selection bias and potentially restrict 
the generalizability of the findings. In partic-
ular, it must be acknowledged that patients 
with histopathology results of Bethesda 
score 1 and only biopsied patients were in-
cluded in the study. Additionally, the lack of 
an interobserver reliability assessment might 
impact the consistency of nodule classifi-
cation.30 To confirm the effectiveness of the 
AI-TIRADS and examine its incorporation into 
standard clinical practice, future prospective 
studies involving larger and more diverse 
populations are needed.

Moreover, variability among different TI-
RADS in criteria weighting and risk categori-
zation highlights the need for standardized 
guidelines to ensure consistent application 
across healthcare settings.31,32 The integra-
tion of AI into the TIRADS offers a promising 
solution to these challenges by providing 
objective and reproducible assessments, 
thereby enhancing diagnostic accuracy and 
reducing interobserver variability.33

The AI-TIRADS demonstrated improved 
specificity and a reduced unnecessary biop-
sy rate in thyroid nodule classification with-
out sacrificing high sensitivity compared 
with other traditional TIRADS. The findings 
suggest that the AI-TIRADS can be utilized to 
enhance clinical decision-making, optimize 
resource utilization, and improve patient 
management in thyroid nodule assessment. 
Further prospective studies are required to 
confirm these findings and facilitate broader 
implementation of the AI-TIRADS in clinical 
practice.

Footnotes
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A R T I F I C I A L  I N T E L L I G E N C E  A N D  I N F O R M AT I C S
O R I G I N A L  A R T I C L E

Automated detection and characterization of small cell lung cancer 
liver metastasis on computed tomography

PURPOSE
Small cell lung cancer (SCLC) is an aggressive disease with diverse phenotypes that reflect the het-
erogeneous expression of tumor-related genes. Recent studies have shown that neuroendocrine 
(NE) transcription factors may be used to classify SCLC tumors with distinct therapeutic responses. 
The liver is a common site of metastatic disease in SCLC and can drive a poor prognosis. Here, we 
present a computational approach to detect and characterize metastatic SCLC (mSCLC) liver lesions 
and their associated NE-related phenotype as a method to improve patient management.

METHODS
This study utilized computed tomography scans of patients with hepatic lesions from two data 
sources for segmentation and classification of liver disease: (1) a public dataset from patients of var-
ious cancer types (segmentation; n = 131) and (2) an institutional cohort of patients with SCLC (seg-
mentation and classification; n = 86). We developed deep learning segmentation algorithms and 
compared their performance for automatically detecting liver lesions, evaluating the results with 
and without the inclusion of the SCLC cohort. Following segmentation in the SCLC cohort, radiomic 
features were extracted from the detected lesions, and least absolute shrinkage and selection op-
erator regression was utilized to select features from a training cohort (80/20 split). Subsequently, 
we trained radiomics-based machine learning classifiers to stratify patients based on their NE tumor 
profile, defined as expression levels of a preselected gene set derived from bulk RNA sequencing or 
circulating free DNA chromatin immunoprecipitation sequencing.

RESULTS
Our liver lesion detection tool achieved lesion-based sensitivities of 66%–83% for the two datasets. 
In patients with mSCLC, the radiomics-based NE phenotype classifier distinguished patients as pos-
itive or negative for harboring NE-like liver metastasis phenotype with an area under the receiver 
operating characteristic curve of 0.73 and an F1 score of 0.88 in the testing cohort.

CONCLUSION
We demonstrate the potential of utilizing artificial intelligence (AI)-based platforms as clinical de-
cision support systems, which could help clinicians determine treatment options for patients with 
SCLC based on their associated molecular tumor profile.

CLINICAL SIGNIFICANCE
Targeted therapy requires accurate molecular characterization of disease, which imaging and AI 
may aid in determining.

KEYWORDS
Computer vision, segmentation, neuroendocrine gene expression, radiomics, tumor classification, 
transcriptomics, molecular tumor profile
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Small cell lung cancer (SCLC) is an ag-
gressive form of lung cancer strongly 
associated with smoking and accounts 

for 13%–15% of all lung cancer cases.1,2 Pa-
tients often present with advanced disease, 
resulting in a poor prognosis with a 5-year 
survival rate of 7%.3 These outcomes reflect 
the challenges in clinical management of 
a recalcitrant cancer marked by the ubiqui-
tous presence of TP53, RB1 loss-of-function 
events, and high chromosomal instability,4,5 
which drive rapid progression, widespread 
metastasis,5,6 and treatment resistance fol-
lowing initial response to therapy.7 Among 
many complications associated with cancer 
progression, SCLC typically leads to hepatic 
metastasis, which is seen in 21%–27% of pa-
tients at presentation and 69% at autopsy.8 
This makes the liver the most prevalent met-
astatic site after mediastinal lymph nodes—
an important characteristic since liver metas-
tasis is also an independent marker of poor 
prognosis.9,10 

SCLC also demonstrates a high degree 
of heterogeneity, manifesting under various 
transcriptional subtypes. The classification of 
SCLC subtypes is defined by the expression 
levels of four transcription regulators, name-
ly neuronal differentiation 1 (NEUROD1), 
achaete-scute family basic helix-loop-helix 
transcription factor 1 (ASCL1), POU class 
2 homeobox3, and yes-associated protein 
(YAP1).11 The relative expression of these reg-
ulators leads to heterogeneous neuroendo-
crine (NE) gene expression, which has ther-
apeutic implications.12,13 The SCLC tumors 
associated with relatively high NEUROD1 
and ASCL1 expression are considered NE 
positive and demonstrate greater suscepti-
bility to DNA-damaging agents;14,15 non-NE 
SCLC tumors have greater POU2F2 and YAP1 
expression and have been shown to possess 
better response to immunotherapy.13,16-18

Despite emerging insights into its molec-
ular subtypes, SCLC is still currently treated 

as a homogenous disease. As we gain more 
insights into the molecular underpinnings 
of SCLC that drive tumor response to treat-
ments, there is a need for clinical workflows 
that can stratify patients based on their tu-
mor profile. Methods that identify subpopu-
lations of patients with SCLC who are likely 
to benefit from specific targeted treatments 
without requiring additional invasive testing 
can offer physicians actionable insights, es-
pecially when treatment response status can 
be determined at the time of diagnosis. Fur-
thermore, computational platforms that can 
accurately detect and characterize tumors 
offer practical utility in supporting physicians 
from diagnosis to treatment. They can auto-
mate critical tasks, integrate different types 
of medical data (e.g., radiology scans, biopsy 
findings, blood panel information), extract 
clinically relevant tumor characteristics, and 
consolidate medical information for health 
practitioners. 

Within the past decade, artificial intelli-
gence (AI) has been integrated into automat-
ing medical image processing tasks. More 
specifically, deep learning has shown prom-
ise in segmenting objects at different imag-
ing scales, including tissue19 and cellular20 
levels, for a variety of medical conditions, 
including lung cancer21,22 and hepatic dis-
eases.23-25 Preceding the popularity of deep 
learning for medical image segmentation 

is the use of radiomics, a common research 
approach to describe tumors quantitatively, 
including their intensity, shape, and texture, 
which may be used as image-based biomark-
ers for downstream analysis and association 
studies. Radiomics has been adopted to 
address various clinical decision tasks, such 
as lesion classification26,27 and treatment re-
sponse prediction,28,29 including applications 
in liver-associated malignancies.30-32

Given the implications of transcription-
al subtypes to treatment response in SCLC 
and the association between SCLC hepatic 
metastasis and prognosis, we investigated 
whether NE status, as determined by tumor 
gene expression analysis, can be determined 
from computed tomography (CT) scans of 
confirmed SCLC metastasis in the liver. In this 
study, we present a two-step machine learn-
ing framework for automated detection and 
characterization of SCLC liver metastasis. We 
employ deep learning for three-dimension-
al (3D) segmentation of hepatic lesions fol-
lowed by radiomics-based analysis to charac-
terize and classify image scans by NE status, 
defined as high expression of a pre-selected 
gene set.

Methods
A graphical summary of the study objec-

tive is shown in Figure 1.

Main points

•	 The liver is a frequent site of metastases in 
small cell lung cancer, and artificial intelli-
gence helps identify and segment tumors.

•	 The computed tomography (CT) imaging 
characteristics of liver lesions have a mod-
erate correlation with neuroendocrine tran-
scription factors.

•	 An end-to-end machine learning pipeline 
may help characterize the molecular profile 
of liver lesions in CT.

Figure 1. Graphical summary of the machine learning framework for automated detection and 
characterization of small cell lung cancer (SCLC) liver metastases on computed tomography. (a) Three-
dimensional deep learning models were developed to simultaneously segment the liver and tumors within 
the region. (b) Radiomics-based characterization of metastatic SCLC liver tumors was performed, and 
subsequently supervised machine learning models were trained to classify patients’ neuroendocrine (NE) 
status as NE positive or NE negative. 

a

b
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Study population and data description

Two datasets were utilized in this study: 
(1) the liver tumor segmentation (LiTS) data-
set, a publicly available dataset containing 
131 CT scans; and (2) a retrospective cohort 
of patients with metastatic SCLC (mSCLC) un-
derwent CT at the National Cancer Institute 
(Bethesda, MD, USA).

The LiTS dataset consists of multi-center 
scans of primary and secondary hepatic tu-
mors. All scans were manually annotated by 
a radiologist (>3 years’ experience) using the 
ITK-SNAP open source software platform to 
obtain liver and lesion labels. Annotations 
were confirmed by three additional radiolo-
gists; the most senior reader’s findings were 
used in any labeling conflicts. This research 
study was conducted retrospectively using 
human participant data made available as 
open-access materials by Bilic et al.25 This 
open-source cohort was used for training and 
development of a segmentation algorithm 
for the detection and segmentation of focal 
liver lesions on CT. This cohort was used ex-
clusively for the segmentation task (Figure 1).

An initial query for the mSCLC dataset 
identified 88 patients diagnosed with SCLC 
and undergoing disease monitoring or treat-
ment at the institution under one or more 
clinical protocols, including the following 
ClinicalTrials.gov identifiers: NCT02769962 
(IRB 16-C-0107; 2016-05-09), NCT03554473 
(IRB 18-C-0110; 2018-09-11), NCT02487095 
(IRB 15-C-0150; 2015-07-30), NCT02484404 
(IRB 15-C-0145; 2015-06-29), NCT02146170 
(IRB 14-C-0105, 2014-05-28). Each protocol 
was approved by the local institutional re-
view board, and written informed consent 
was obtained from all patients. From these 
patients, a total of 346 abdominal CT scans 
obtained during 178 CT sessions were iden-
tified for possible inclusion. This cohort was 
used for both the segmentation and classi-
fication tasks (Figure 1). Multiple series were 
included from each study date: for example, 
thick-slice and soft tissue thin-slice recon-
structions to evaluate model robustness 
(Supplementary Table 1). Radiology reports 
were manually reviewed for each CT scan to 
confirm the presence or absence of hepatic 
lesions. From all available scans, a subset of 
82 scans was manually reviewed by an ex-
pert radiologist (>15 years’ experience), and 
liver lesions were segmented using ITK-SNAP. 
Liver organ annotations were obtained using 
a previously developed two-dimensional 
(2D) U-Net liver segmentation model33 and 
were manually adjusted using ITK-SNAP. 

All annotated scans were used for the tumor 
segmentation task (Figure 1). 

All patients in the mSCLC cohort under-
went either tissue or blood sampling for 
bulk RNA or circulating free DNA (cfDNA) 
chromatin immunoprecipitation sequenc-
ing at multiple timepoints, corresponding 
with CT study dates (± 3 months). Expression 
profiles from sequencing data were used 
to classify patients broadly into NE-positive 
and NE-negative phenotype groups based 
on previously published methods.13,34 Briefly, 
single-sample gene set enrichment analysis 
from a 50-gene signature panel was used to 
classify samples as NE (score >0) or non-NE 
(score <0), with a lower score in the non-NE 
group reflecting more confidence that the 
sample does not exhibit NE differentiation.35 
Strong correlation observed between cfD-
NA-derived and RNA-derived expression 
scores for NE phenotyping has been previ-
ously reported;13,34-36 therefore, either ref-
erence standard was used for ground truth 
assignment in this cohort. The NE phenotype 
expression scores (range: −1,1) and classifi-
cation (NE, non-NE) were recorded for use in 
this study (Table 1). 

Deep learning model development for tu‑
mor segmentation

Three deep learning algorithms were se-
lected to build a hepatic lesion detection 
model: (1) a 3D U-Net, (2) a 3D SegResNet, 
and (3) a 3D nnU-Net. During initial model 
development and selection, each algorithm 
was trained solely using the LiTS dataset, and 
mSCLC data were used as an independent 
test set. For all training, data partitions were 
stratified at the patient level and are summa-
rized in Table 2.

The U-Net and SegResNet models were 
built using the Medical Open Network for AI 
platform (version 1.3.0).37 For these two net-
work architectures, training was conducted 
with the following data pre-processing and 
augmentations: CTs were resampled to uni-
form spacing (0.5 mm × 0.5 mm × 1 mm), 
foreground cropping, variable CT window-
ing, and random cropping by labels with a 
sampling ratio of 4:1:3 for the background, 
liver, and lesion, with 12 samples taken per 
image. Each sample crop was of size 512 × 
512 × 16. Both models were trained using 
an adaptive moment estimator to minimize 
lesion-level DICE loss, with a learning rate 
of 0.0001 for 1,500 epochs. The final model 
was selected based on the highest validation 
DICE reported during training. Inference was 
conducted using the sliding window tech-
nique. 

The nnU-Net model, an auto-configuring 
semantic segmentation model, was imple-
mented using the built-in 3dfullres five-fold 
cross-validation.38 Pre-processing configura-
tions selected by the model included spac-
ing (0.789 mm × 0.789 mm × 2 mm), patch 
size 80 × 80 × 60, and per-image z-score stan-
dardization.

For all three models, performance was 
evaluated in the test set using lesion-level 
DICE coefficients and tumor detection sensi-
tivity on both the LiTS and mSCLC datasets. 

Due to differences in the burden and im-
aging characteristics of the mSCLC cohort 
compared with the LiTS cohort, which may 
potentially impact generalizability, a final 
nnUNet model was trained from all LiTS train-
ing data along with a subset of mSCLC scans 
partitioned with an approximate training/test 

Table 1. Summary of key characteristics of the mSCLC dataset describing the distribution of 
patient scans, lesions, and neuroendocrine status in the cohort

mSCLC data characteristics Quantity

Age (years) 63 (23–82)

Sex: male, female 45, 41

Number of scans per patient Median: 3, range: (1–14)

Number of lesions per scan Median: 10, range: (1–148)

Hepatic lesions

Present 252

Absent 94

Final study cohort for classification†

Neuroendocrine classification by sequencing-based assessment†

Positive 172

Negative 55

†, reported for the final 227 series volumes for the classification task; mSCLC, metastatic small cell lung cancer.
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split of 80%/20% scans. Inference of the final 
finetuned segmentation model was complet-
ed for all mSCLC scans for use in the classifica-
tion model.

Radiomics characterization and neuroen‑
docrine phenotype classification

Each mSCLC scan was labeled based on 
matched gene expression-based NE score 
as NE positive (1) or NE negative (0). All CT 
studies with confirmed hepatic lesions 
that were matched to NE scores within ± 3 
months of the imaging date were included in 
the NE phenotype classification. Scans were 
partitioned with an approximate training/
test split of 80%/20% images using the same 
stratification applied during segmentation. 
Splits were determined at the patient level to 
avoid bias, resulting in 177 scans for training 
and 50 scans for testing (Table 2).

Liver lesion contours obtained from the fi-
nal segmentation model were characterized 
using radiomics. Quantitative image features 
were extracted using PyRadiomics (v3.0.1) 
with a resampling pixel spacing of (1 mm, 1 
mm, 1 mm) for the (x, y, z) voxel coordinates 
and default image standardization param-
eters. A total of 107 radiomic features were 
obtained, representing first-order statistics, 
shape (2D and 3D), gray level co-occurrence 
matrix, gray level run length matrix (glrlm), 

gray level size zone matrix (glszm), neighbor-
ing gray tone difference matrix, and gray lev-
el dependence matrix (gldm). The number 
of lesions per image was determined using 
connected-components-3D (v3.12.1) and 
served as an additional feature, resulting in 
a total of 108 features. From these, a subset 
of imaging characteristics correlated with NE 
phenotype was selected using least absolute 
shrinkage and selection operator (LASSO) re-
gression (scikit-learn v1.2.2). 

Radiomics-based NE phenotype classifi-
cation was conducted using three machine 
learning models: (1) logistic regression 
(scikit-learn v1.2.2), (2) random forest (scikit-
learn v1.2.2), and (3) XGBoost (v2.0.3). For all 
models, default parameters were used. Code 
and raw data for how these models were 
trained are available at https://github.com/
NIH-MIP/mSCLC_Segmentation_Classifica-
tion. All models incorporated the subset of 
imaging features selected using LASSO re-
gression for binary classification of tumors as 
NE (1) or non-NE (0) phenotype. 

Each model was trained with and without 
class-based weights. Five-fold cross-valida-
tion was implemented, and the best model 
was selected using the F1 score and area 
under the receiver operating characteris-
tic curve (AUC) from cross-validation as the 
primary performance criteria. When applied 

to the test set, the ensemble of all five-folds 
was utilized for test set evaluation (average 
prediction of five-folds). 

Statistical analysis

The DICE coefficient,39 a measure that 
describes spatial agreement between two 
image sets, was calculated to quantify the 
performance of the model compared with 
ground truth annotation from radiologists. 
To evaluate detection performance met-
rics at the lesion level, connected-com-
ponents-3D (v3.12.1) was used to identify 
unique lesions in both the ground truth seg-
mentations and model output. Next, each 
lesion was classified as a true positive (i.e., 
ground truth lesion correctly segmented by 
AI), false negative (i.e., ground truth lesion 
was not segmented by the model), or false 
positive (i.e., model segmented a lesion with 
no ground truth correlate) per scan. Each 
segmentation model’s sensitivity, positive 
predictive value (PPV), and false positive 
trends were calculated and reported as sum-
mary statistics.

The relationship between tumor burden 
and NE scores was examined using two tests: 
(1) Spearman correlation analysis (SciPy 
v.1.11.1) for continuous NE scores, and (2) 
Wilcoxon rank sum tests (R v4.4.1) for bina-
rized NE scores. For this analysis, one series 
per patient per scan date was selected. Tu-
mor volume estimates were calculated using 
AI-predicted tumor regions from the final 
segmentation model. 

Finally, the performance of each binary 
classifier was evaluated. Model accuracy, 
sensitivity, specificity, PPV, negative predic-
tive value, F1 scores, and AUC were calculat-
ed (scikit-learn v1.2.2) and compared. Due to 
potential bias in multiple scans coming from 
the same CT study, bootstrap sampling was 
performed at the study level to select one 
scan per study per iteration randomly. The 
mean and 95% confidence intervals (CIs) of 
each performance metric are reported in the 
test set. 

Table 2. Data splits per task

Task Level Training/validation Test¥

Segmentation†

Pts LiTS 121, mSCLC 62 LiTS 10, mSCLC 18

Scans LiTS 121, mSCLC 64 LiTS 10, mSCLC 18

Series volumes LiTS 121, mSCLC 64 LiTS 10, mSCLC 18

Classification (mSCLC 
only)**

Pts 36 14

Scans 92 26

Series volumes 177 50

†, For the segmentation task, two training schemes were used: with and without mSCLC. For the training scheme 
without mSCLC, the entire cohort was reserved for testing. Labels are created at the series volume level. **, For the 
classification task, labels are assigned at the scan level. Patients can have multiple labels (i.e., positive or negative) 
depending on the time point at which the scan/sequencing was completed. ¥, The test set for mSCLC is preserved 
across both tasks on the patient-level (i.e., one unique set of patients was reserved for end-to-end testing of the 
segmentation and classification models). mSCLC, metastatic small cell lung cancer; LiTS, liver tumor segmentation.

Table 3. Comparison of lesion segmentation model performance presents the median DICE coefficient, sensitivity, PPV, and number of false 
positives per scan for all deep learning models implemented for hepatic lesion segmentation. Results are shown for the publicly available 
LiTS dataset and an in-house mSCLC dataset

U-Net SegResNet nnU-Net Finetuned nnU-Net

Metrics LiTS mSCLC LiTS mSCLC LiTS mSCLC LiTS mSCLC

Median DICE 0.439 0.297 0.417 0.418 0.750 0.607 0.771 0.640

Sensitivity 0.395 0.244 0.662 0.447 0.813 0.539 0.826 0.667

PPV 0.971 0.975 0.962 0.987 1.0 0.998 1.0 1.0

FP/scan 0.1 (0-1) 0.1 (0-1) 0.2 (0-1) 0.1 (0-1) 0 0.02 (0-1) 0 0

PPV, positive predictive value; mSCLC, metastatic small cell lung cancer; LiTS, liver tumor segmentation.
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Results
The segmentation model utilized all LiTS 

data and incorporated a subset of scans from 
the mSCLC cohort. Of the 88 patients iden-
tified for possible study inclusion, a total of 
86 patients were included in the final study 
cohort, with two exclusions due to insuffi-
cient data records (no sampling within the 
required timeframe from a scan date; no 
segmentations). Key characteristics of the 
mSCLC cohort are provided in Table 1. Image 
acquisition characteristics are summarized in 
Supplementary Table 1 for each cohort and 
task. 

Lesion detection

The cohort information for model training 
is shown in Table 2. In addition to the LiTS 
cohort, 82 annotated scans (82 unique stud-
ies) from the mSCLC dataset were utilized 
for the segmentation task, of which 50 scans 
were positive for containing hepatic lesions. 
First, models were trained only on the LiTS 
cohort and applied to mSCLC. Among the 
three deep learning models implemented 
for automated hepatic lesion detection and 
segmentation, the 3D fullres nnU-Net model 
provided the most accurate and robust re-
sults for the test set from both datasets. Its 
detection performance had a median DICE 
score of 0.75 and 0.607, lesion-level sensitivi-
ty of 0.813 and 0.539, and PPV of 1.0 and 0.99 
for the LiTS and mSCLC test sets, respective-
ly. The 3D fullres nnU-Net model also had a 
range of 0–1 false positive lesions per scan 
for both datasets. The U-Net and SegResNet 
models had median DICE scores of 0.439, 
0.417 for the LiTS dataset, and 0.297, 0.418 
for the mSCLC dataset. The U-Net model had 
lesion sensitivities of 0.395 and 0.244, where-
as the SegResNet model achieved 0.662 and 
0.447 for LiTS and mSCLC. A summary of each 
model’s performance is provided in Table 3. 

Next, an evaluation was performed to de-
termine how finetuning of the nnU-Net for 
liver lesion segmentation on the mSCLC data 
may improve performance. Here, the 3D full‑
res nnU-Net model achieved a median DICE 
of 0.771 and 0.640, with sensitivities of 0.826 
and 0.667 for the LiTS test set and mSCLC 
test set, respectively. For both datasets, the 
model had a PPV of 1.0 and 0 false positives 
per scan. Representative images of cases 
with high and low concordance between the 
AI-predicted and ground truth annotations 
of mSCLC liver lesions from the test set are 
provided in Figure 2.

Correlation analysis of tumor burden and 
neuroendocrine status

A statistically significant correlation was 
found between tumor burden and NE scores 
for continuous data (Spearman: 0.252, P val-
ue: 0.0059) and binarized data (Wilcoxon rank 
sum P value: 0.028). Further analysis revealed 
that cfDNA samples had greater dependence 
on tumor volume, with a statistically signifi-
cant correlation between tumor burden and 
cfDNA-derived NE scores (Spearman: 0.446, 
P value: 0.00057; Wilcoxon rank sum P val-
ue: 0.0013). Conversely, biopsy-derived NE 
scores did not have a statistically significant 
correlation with tumor volume (Spearman: 
−0.0738, P value: 0.5680; Wilcoxon rank sum 
P value: 0.253). Correlation plots are provided 
in Figure 3. 

Neuroendocrine phenotype classification

A total of 227 scans from 118 CT studies 
were used for the NE classification task after 
excluding scans with no hepatic lesions by 
radiologist read (n = 92 scans), scans with 
no corresponding RNA sequencing (RNAseq) 
or cfDNA data (n = 19), or false negatives by 
segmentation model (n = 6 volumes). Of the 
usable data, 172 scans (89 studies) were iden-
tified as NE positive and 55 scans (29 stud-

ies) were identified as NE negative (Table 1). 
The LASSO feature selection was performed 
within the training set, identifying 20/108 
radiomic features correlated with NE-related 
tumor phenotypes for inclusion in the clas-
sification model. The distribution of selected 
radiomic feature categories was as follows: 
30% shape, 25% glszm, 20% gldm, 15% first 
order statistics, and 10% glrlm. Among these, 
shape was the most dominant radiomic fea-
ture type found in the subset. The top five 
imaging feature characteristics determined 
during feature selection were minor axis 
length, maximum 2D diameter row, major 
axis length, gldm large dependence empha-
sis, and first order variance. A full list of the 
selected radiomic features and a distribution 
summary of the selected feature type are 
provided in Figure 4. 

For all evaluated models, weighted train-
ing did not substantially boost the predictive 
performance of the algorithms (Supplemen-
tary Table 2), nor did they generalize bet-
ter to the test set (Supplementary Table 3), 
regardless of the optimization strategy for 
determining the best weight. Based on the 
cross-validation performance, the random 
forest classifier had the highest F1 (mean 
0.86; range 0.81, 0.91) and AUC (mean: 0.68; 
range: 0.56, 0.81) (Supplementary Table 2). 
All calculated metrics for the NE phenotype 
classification task are summarized in Table 4, 
where the logistic regression model general-
ized better than the random forest model by 
AUC (mean: 0.71; 95% CI: 0.59–0.82 vs. mean 
0.58; CI: 0.48–0.69, respectively), though F1 
and accuracy metrics were similar across all 
models, likely due to the imbalance in favor 
of the positive class (NE). The 50 scans in 
the test cohort represented 26 unique CT 
studies. Breaking accuracy down further by 
scan-level classification agreement across 
series volumes: 18/24 scans with multiple 
series volumes were correctly classified in 

Figure 2. Representative results of the finetuned nnU-Net lesion detection model. Two metastatic small cell lung cancer (mSCLC) test cases are provided with liver 
(shown in red) and lesion (shown in green) segmentations from ground truth annotations and artificial intelligence (AI) predictions. A single axial slice from the 
three-dimensional segmentation is shown. (a, b) Example of an mSCLC test case with high concordance between the ground truth and AI-predicted lesions; DICE: 
0.71. (c, d) Example of an mSCLC test case with low concordance between ground truth and AI-predicted lesions; DICE: 0.51.

a b c d
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Figure 3. Correlation analysis of tumor burden to neuroendocrine scores. (a) There is a statistically significant correlation between tumor burden and neuroendocrine 
(NE) scores for both continuous data (Spearman: 0.252, P value: 0.0059) and binarized NE scores (Wilcoxon rank sum test statistic: 2.191, P value: 0.028). This analysis 
utilizes NE scores from both circulating free DNA (cfDNA) and biopsy samples. (b) Correlation plots of tumor burden and NE scores (top) and NE class (bottom) 
derived from cfDNA samples. There is a statistically significant (Spearman: 0.446, P value: 0.00057; Wilcoxon rank sum test statistic: 3.225, P value: 0.0013) tumor 
volume dependence in cfDNA-derived NE scores. (c) Correlation plots for biopsy-derived analysis of tumor burden and NE scores (top) or NE class (bottom) showing 
no statistically relevant relationship between biopsy-derived NE scores and tumor volume estimates. 

a b c

Figure 4. Distribution of selected feature types and list of selected radiomics features. The distribution of each feature type is as follows: 30% shape, 25% gray level 
size zone matrix, 20% gray level dependent matrix, 15% first order statistics, 10% gray level run length matrix. Least absolute shrinkage and selection operator 
regression identified 20 features correlated to binarized neuroendocrine scores among 108 radiomic quantities. All selected radiomic features are listed by group. 

Table 4. Scan-level mSCLC NE phenotype classification results in the test set, derived from ensemble of five-fold cross-validation. Reported 
are mean and 95% CIs from 1000 bootstrap samples, sampling one scan (series) per CT study date per iteration

Model Accuracy PPV NPV Sensitivity Specificity F1 AUC

LR 0.79  
(0.73, 0.85)

0.81 
(0.78, 0.83)

0.64  
(0.33, 1.00)

0.95  
(0.90, 1.00)

0.25  
(0.17, 0.33)

0.87  
(0.84, 0.91)

0.71  
(0.59, 0.82)

RF 0.77  
(0.69, 0.85)

0.82  
(0.77, 0.86)

0.50  
(0.25, 0.75)

0.90  
(0.85, 0.95)

0.33  
(0.17, 0.50)

0.86  
(0.81, 0.90)

0.58  
(0.48, 0.69)

XGB 0.79  
(0.73, 0.85)

0.84  
(0.81, 0.86)

0.56  
(0.40, 0.75)

0.90  
(0.85, 0.95)

0.42  
(0.33, 0.50)

0.87  
(0.83, 0.90)

0.63  
(0.48, 0.78)

PPV, positive predictive value; NPV, negative predictive value; AUC, area under the receiver operating characteristic curve; mSCLC, metastatic small cell lung cancer; CT, computed 
tomography; CI, confidence interval
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both series volumes, 4/24 scans were incor-
rectly classified in both series volumes, and 
2/24 scans had different classification results 
across the different series. The two scans 
with only a single series volume available 
were both correctly classified.

Failure analysis revealed that 8/10 of mis-
classifications were associated with NE scores 
near the boundary (NE score: 0) and with cfD-
NA-derived NE scores. Misclassified observa-
tions skewed to the NE-negative phenotype 
(Figure 5a), with a mean NE score of −0.007 as 
presented in Figure 5b. The NE classification 
results showed an AUC of 0.528 when evalu-
ated on cfDNA-derived data alone, although 
they showed an AUC of 0.984 when strictly 
evaluated on biopsy-derived transcriptomic 
data, as shown in Figure 5c.

Discussion
Patients with SCLC often present with 

hepatic metastases.9,40 Characterizing NE 
profiles of mSCLC lesions offers a pathway 
to stratify patients based on distinct ther-
apeutic vulnerabilities of their molecular 
subtypes.13 We demonstrate the potential of 
deep learning on automated liver lesion de-
tection and the feasibility of using radiomics 
to describe properties of mSCLC tumors. This 
framework can enable the determination of 
patients’ NE status as positive or negative 
for bearing an NE-like phenotype without 

resorting to invasive biopsy procedures and 
relying on scans obtained as part of routine 
staging studies. Our 3D nnU-Net segmen-
tation model demonstrated that hepatic le-
sions can be accurately detected for patient 
populations with highly variable disease 
characteristics (e.g., a wide range of tumor 
size, varying number of tumors in a single 
scan) using a fully automated platform. We 
also showed the possibility of stratifying 
patients with SCLC by their NE status using 
radiomic features extracted from routinely 
acquired abdominal CT scans of metastatic 
liver lesions.

The finetuned nnU-Net segmentation 
model was able to identify liver lesions with 
a median DICE score of 0.771 for the publicly 
available data (LiTS) and 0.640 for our internal 
mSCLC dataset. It also showed adeptness in 
locating regions with suspected lesions in CT 
images with high sensitivity (LiTS: 0.826 and 
mSCLC: 0.667) that outperformed previously 
reported models (ISBI 2017: 0.458, MICCAI 
2017: 0.515, MICCAI 2018: 0.554)25 while hav-
ing low false positive rates (0–1 false positive 
per scan) and comparable tumor-level DICE 
scores (ISBI 2017: 0.674, MICCAI 2017: 0.702, 
MICCAI 2018: 0.739)25 for the public dataset. 
Further characterization of the model’s be-
havior on mSCLC cases without ground truth 
reports of a lesion (n = 94) revealed that false 
positive predictions typically were small in 
volume (0.638 ± 1.73 cm3). Overall, our de-

tection tool not only offers valuable improve-
ments to previous liver lesion segmentation 
benchmarks but also enables automating 
the lesion annotation process for radiomics 
analysis. 

Correlation analysis of AI-predicted le-
sions showed that tumor burden has a statis-
tically significant association with NE status. 
Our results revealed that NE scores exhibit 
dependence on tumor volume, especially 
when expression profiles were derived from 
cfDNA samples. This finding is consistent 
with previous studies showing a correlation 
between tumor burden and cfDNA in NE-re-
lated34,41 and lung42 neoplasms, although 
their exact relationship remains elusive.43 
This is also supported by our radiomics 
analysis, shows that shape—which includes 
measurements of tumor size—is the most 
frequently selected radiomic feature type 
during model development. These findings 
indicate that tumor burden may be an indi-
rect measure of NE expression in mSCLC tu-
mors. Recent studies have demonstrated a 
strong correlation between cfDNA-derived 
and RNA-derived expression scores for NE 
phenotyping.13,34-36 However, the same vol-
ume-based relationship was not observed 
in biopsy-based RNAseq determination of 
NE phenotype. This discrepancy may be 
explained by tumor heterogeneity, where 
cfDNA-derived expression metrics are an 
aggregate of multiple lesions throughout 

Figure 5. Failure analysis of the neuroendocrine (NE) phenotype classifier. (a) The NE score distribution based on prediction status (correct vs. incorrect). The mean 
NE score of observations associated with incorrect predictions is close to the NE score boundary (NE score: 0) that divides between NE-positive and NE-negative 
phenotypes. (b) Summary of the NE scores by prediction status. Correctly predicted observations had an NE score range of −0.123 to 0.370, a mean NE score of 
0.127, and a median NE score of 0.117. Incorrectly predicted observations had a score range of −0.123 to 0.333, a mean NE score of −0.007, and a median NE score 
of −0.029. (c) Evaluation of classifier performance based on sampling type [biopsy vs. circulating free DNA (cfDNA)] revealed better predictive performance on 
biopsy data than cfDNA data. The NE phenotype classifier had an accuracy of 0.90 and an area under the receiver operating characteristic curve (AUC) of 0.984 for 
observations associated with biopsy sampling; the classifier achieved an accuracy of 0.733 and an AUC of 0.528 for cases associated with cfDNA tissue sampling.

a b

c
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the patient, whereas biopsy-derived RNAseq 
expression is sampled directly from a single 
lesion. This heterogeneity component can 
also explain why more errors in NE prediction 
were observed in cfDNA-derived samples, 
as metastatic lesions elsewhere in the body 
may contribute to this expression, despite 
the predominance of liver lesions in these 
patients. However, these hypotheses cannot 
be evaluated within the patients evaluated in 
this study due to the limited sample size and 
lack of multiple targeted biopsy-based sam-
ples for RNAseq expression. 

To our knowledge, techniques for pre-
dicting patient-level SCLC NE status have 
yet to be explored. Our approach in integrat-
ing the molecular phenotypic landscape of 
SCLC with image-extracted tumor markers 
offers a path towards building translational 
computing workflows that may help tailor 
SCLC treatment. In this study, we show that 
a logistic regression classifier can distinguish 
NE phenotypes using radiomics data with 
80% accuracy (0.79 ± 0.04) and an AUC of 
0.73 (0.70 ± 0.08). We noted that the pheno-
type classifier demonstrated high sensitivity 
for NE-positive tumors but low specificity 
for NE-negative tumors. This classifier was 
trained and tested on heterogeneous image 
acquisition settings, leading to consistency 
in performance for multiple reconstructions 
(series volumes) within a single study; how-
ever, further validation is warranted.

Our approach has several limitations. This 
is a relatively small patient cohort of meta-
static patients with SCLC; the classification 
algorithm was trained and validated in 227 
scans from 50 patients, and further research 
is warranted. We were underpowered to 
perform classification based on the Riley et 
al.44 criterion, increasing the likelihood of our 
algorithm overfitting to the training pop-
ulation. Our data utilize a mixture of biop-
sy-sampled and cfDNA-based NE scores. The 
cfDNA sampling is comparatively easier but 
captures signals from both cancerous and 
non-cancerous components. This impacts 
our ability to describe with confidence the 
NE expression profiles specific to each lesion. 
Next, our framework utilizes a cascaded al-
gorithm that analyzes biomedical imaging 
data in a stepwise fashion. This workflow 
inherently propagates segmentation errors 
and failures at the first step to the radiomics 
analysis, which occurs downstream. Since ra-
diomics is volume dependent, the effective-
ness of the tumor phenotype classifier relies 
on the performance of the lesion detection 
tool. Our DICE performance indicates that 

the model did not perform as well in mSCLC 
cases (DICE <0.7) compared with LiTS (DICE 
>0.7). This may be influenced by high disease 
burden and complex anatomy from exten-
sive prior treatments, or it can affect cases 
with very small lesions, which are difficult 
to identify. Further work on how changes 
in predicted volumes impact radiomics and 
downstream classification is needed. Simi-
larly, further investigation into the effects of 
contrast use and acquisition parameters is 
warranted. Third, our NE classification task is 
conducted at the image level rather than the 
lesion level. This primarily describes the bulk 
NE profile rather than tumor-specific charac-
teristics. Any heterogeneity reflected across 
the patients’ disease burden cannot be eval-
uated through the current workflow. Future 
validation in lesion-based assessment for 
samples with targeted sequencing may pro-
vide more context to individual signatures. 
Finally, the data distribution of NE positive 
to NE negative is largely unbalanced, making 
it difficult to further optimize the machine 
learning classifier to better detect NE-nega-
tive phenotypes. 

In conclusion, deep learning and radiom-
ics-based analysis enable automated detec-
tion and characterization of SCLC liver me-
tastasis. Using AI-based platforms, routinely 
acquired CT scans may be used to determine 
the NE status of patients with mSCLC liver 
lesions. This could enable clinicians to tailor 
SCLC treatments based on a patient’s NE sta-
tus and its associated molecular tumor pro-
file.
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This article introduces the artificial intelligence (AI) applications guide developed by the 
Turkish Society of Radiology (TSR) and provides a commentary on its framework, strengths, 
and areas for future development. The proliferation of accessible data, accelerated informa-
tion processing capabilities, and the development of advanced algorithmic tools such as con-
volutional neural networks have led to a significant leap in AI studies. The field of radiology, 
with its growing imaging workload and reliance on archivable data, has naturally assumed a 
pioneering role in AI applications.

Amid ongoing concerns that AI may pose a threat to the profession, the TSR recognized 
its responsibility to support its members by providing a guide that promotes the responsible 
use of AI to enhance diagnostic speed, accuracy, and efficiency–ultimately benefiting patient 
care. The preparation of the guide involved a dedicated team effort, beginning with a com-
prehensive literature review, followed by expert-led identification of the main sections, and 
collaborative content development through group discussions. 

This article introduces the guide, assesses its strengths and areas for improvement, and 
encourages feedback from the scientific community to inform future updates. The guide was 
published in both Turkish and English on the society’s website on April 10, 2025.1

Overview of the guide and key contents

The TSR AI applications guide is organized into six sections, structured around three core 
thematic pillars that provide a clear framework for understanding its content. First, the guide 
establishes foundational elements by outlining the rationale for its development and defin-
ing key AI terminology. These definitions are supported by the TSR Imaging Informatics Dic-
tionary,2 which provides a more comprehensive glossary. This section also presents a set of 
general principles in bullet-point format for clarity. These principles, developed in line with 
international recommendations, address the fundamental elements of health ethics–such as 
respect for autonomy, beneficence, informed consent, and confidentiality–in the context of 
AI.3-6

Second, the guide outlines the AI application development process, offering clear guid-
ance and explanations for each phase. It covers the identification of clinical problems, data 
management (collection, curation, and privacy protection), the critical process of image label-
ing and annotation, and a comparison of traditional machine learning versus deep learning 
methodologies. It also outlines the selection of appropriate performance metrics for different 
tasks, emphasizes the need for model calibration, and highlights the importance of evaluat-
ing true clinical benefit in addition to discriminatory performance. Challenges related to AI 
interpretability and explainability are also addressed, along with strategies to improve trans-
parency.

Third, the guide focuses on the clinical deployment and use of AI applications, as well as 
the responsibility issues that arise through their use. It lists principles to be followed when 
selecting and using AI applications in clinical settings and for informing patients about their 
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use. This section also specifies the required 
reliability levels, provides considerations for 
quality control and continuous improve-
ment, and addresses the responsibilities of 
the parties involved.

Strengths and limitations

Combining a comprehensive framework 
with evidence-based content, the guide 
serves as an accessible and practical resource 
for radiologists, data scientists, researchers, 
and other stakeholders.

As with other rapidly developing technol-
ogies, one of the main difficulties in develop-
ing an AI guide lies in defining its theoretical 
scope while maintaining up-to-date infor-
mation. To maintain clarity and focus, the 
guide intentionally omits extensive quantita-
tive data and detailed application examples, 
which, though potentially helpful, would 
have compromised its conciseness. Further-
more, it should be noted that the guide does 
not fully encompass the complex and ongo-
ing ethical and social discussions surround-
ing the clinical adoption of AI technologies.

Future directions

A fundamental goal of the guide is to 
ensure periodic updates, informed by com-
munity feedback, to keep pace with rapid 
technological developments. Key areas for 
future consideration should include emerg-
ing topics such as best practices for clinical 
deployment strategies, the establishment 
of standardized benchmarking protocols for 
model comparison, and the impact of large-
scale foundation models on radiology. 

Future content should address the practi-
cal challenges of deployment, including in-
formation technology infrastructure require-
ments, integration with picture archiving 
and communication systems and electronic 
health records.

To ensure fair and transparent compar-
isons between AI models, the field needs 
standardized benchmarking protocols. Fu-
ture guidance could explore the creation and 
use of curated, public datasets and consen-
sus-based evaluation frameworks, allowing 
for reproducible and objective performance 
assessments of new technologies.

The paradigm is shifting from narrow, 
single-task algorithms to large-scale, pre-
trained foundation models that can be 
adapted to multiple tasks. Subsequent ver-
sions of the guide should include recom-
mendations on the unique challenges and 
opportunities presented by these models, 
including fine-tuning strategies, human–
computer interactions (e.g., overreliance and 
automation bias), managing their inherent 
complexity (e.g., hallucinations), and ethical 
and societal implications, such as high costs 
and environmental impact.

In conclusion, this guide is more than a 
collection of recommendations–it provides 
a structured framework for standardizing 
the development and clinical integration of 
AI in radiology. By systematically addressing 
each stage of the AI implementation process, 
it offers a practical and actionable roadmap. 
Through its introduction in this journal and 
commitment to ongoing updates, we aim to 
foster responsible innovation among devel-
opers and clinicians alike.
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Dear Editor,

We would like to thank the correspondent for their thoughtful and constructive comments 
on our article evaluating the diagnostic sensitivity of a multimodal large language model 
(MLLM) (ChatGPT-4V) for detecting intracranial hemorrhage in non-contrast cranial comput-
ed tomography.1 We appreciate the opportunity to clarify the rationale behind our experi-
mental design and to outline directions for future work.

First, we agree that subtle and borderline hemorrhagic findings represent a well-known 
diagnostic gray zone, even for human readers, and that discordance may partly reflect in-
trinsic interpretive uncertainty rather than a purely model-specific limitation.1 In our dataset, 
ChatGPT-4V’s performance was clearly influenced by lesion conspicuity; larger hemorrhage 
diameters were associated with higher correct classification rates, particularly for epidural 
and subdural hematomas.2 This finding is consistent with the broader literature showing that 
MLLM performance using direct image inputs remains variable across tasks and settings and 
may be limited in the context of real-world radiologic interpretation.3,4

Second, we fully concur that clinical contexts can materially shape diagnostic reasoning.1 
Our study intentionally adopted an image-only framework to quantify baseline behavior un-
der controlled conditions and to isolate the effect of the prompt structure. Specifically, after 
an initial open-ended prompt (Q2), we introduced a minimal, targeted clue (“There is bleed-
ing…”) (Q3) to test whether structured guidance influences performance.2 The substantial 
improvement observed with this guided prompt supports the correspondent’s emphasis on 
input conditions and prompt engineering.2 It also aligns with published radiology-focused 
research indicating that prompt optimization (including structured prompting and few-shot 
approaches) can meaningfully influence LLM outputs and utility.5

Third, regarding the reliance on one or two preselected slices and the absence of dynam-
ic window/level adjustments, we agree this differs from the routine radiologic workflow, in 
which multi-slice review and interactive windowing are integral, especially for subtle hem-
orrhage and artifact discrimination.1 In our Methods section, we provided representative 
two-dimensional slices to approximate a best-case static-input scenario.2 We acknowledge 
that a workflow-faithful evaluation would ideally allow multi-slice correlation (or a full-series 
review) and window/level control. These priorities are also reflected in broader multimod-
al GPT-4V radiology evaluations that highlight sensitivity to input presentation and context 
handling.6 

Finally, we strongly support the safety considerations highlighted by the correspondent.1 
In our conclusion, we emphasized that the model is not suitable for autonomous radiologic 
interpretation and should be considered, at most, as a supervised adjunct within human-in-
the-loop paradigms.2 This caution is consistent with the emerging radiology-related literature 
emphasizing that MLLMs that use direct image input have not yet reached a level appropriate 
for unsupervised clinical deployment.3,4,6
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We thank the correspondent again for 
their insightful remarks, which closely align 
with the key implications of our findings and 
help frame a clear agenda for clinically mean-
ingful and safe evaluation of multimodal lan-
guage–vision models in radiology.
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Letter to the Editor: Rethinking reference accuracy in large language 
models for radiology

Dear Editor,

I read with great interest the recent article by Güneş et al.1 evaluating the reference accu-
racy of large language models (LLMs) in radiology. The authors should be congratulated for 
addressing a critical and timely issue—namely, the high rates of fabricated and inaccurate 
citations generated by contemporary LLMs. Their findings clearly demonstrate that, despite 
rapid advancements, substantial limitations remain in the reliability of LLM-generated aca-
demic references.

Although reference accuracy represents an important component of LLM evaluation, it 
may not fully capture the complexity of real-world model performance. One critical yet un-
derexplored aspect is the temporal variability of LLM outputs. Due to stochastic decoding 
processes, model updates, and backend modifications, identical prompts may yield differ-
ent responses across sessions or time points. This variability has direct implications for study 
design and interpretation. In the study by Güneş et al.,1 each model was evaluated using a 
single response per query, which, although methodologically practical, may not fully reflect 
the range of possible outputs in real-world usage. Consequently, a model demonstrating ac-
ceptable reference accuracy in a single instance may still exhibit inconsistent or unreliable 
behavior across repeated interactions.

Another important consideration is that reference accuracy represents only one dimen-
sion of a broader construct encompassing clinical reasoning, contextual understanding, and 
decision relevance. In a recent study evaluating LLM performance in an examination-style 
radiology setting modeled after the European Diploma in Radiology, discrepancies were 
observed between diagnostic reasoning performance and the quality or validity of the sup-
porting information.2 Specifically, models were able to generate clinically plausible answers 
despite inconsistencies in explanations or evidentiary support, suggesting a disconnect be-
tween linguistic coherence and factual grounding.

This limitation is closely related to the phenomenon of hallucination, in which LLMs gener-
ate syntactically plausible but factually incorrect information. Multiple studies across different 
domains and model architectures have consistently demonstrated high rates of fabricated or 
inaccurate references in LLM-generated outputs.3-5 Importantly, this issue is not confined to 
a single model family but appears to be a widely observed limitation of current generative 
artificial intelligence systems. As highlighted by Güneş et al.,1 such inaccuracies may introduce 
misinformation into both clinical and academic contexts. Furthermore, erroneous citations 
may propagate through secondary referencing, ultimately distorting the scientific record and 
undermining evidence-based practice.6

These concerns extend beyond technical limitations and raise broader issues related to 
scientific integrity, reproducibility, and knowledge verification. As LLMs become increasingly 
integrated into academic writing and clinical decision support, the need for critical appraisal 
and human oversight becomes paramount. Without rigorous validation, reliance on generat-
ed content may inadvertently compromise both the quality of scientific output and patient 
safety.

Ministry of Health, İzmir City Hospital, Department of 
Radiology, İzmir, Türkiye
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In this context, future evaluations of LLMs 
in radiology would benefit from approaches 
that account for response variability and in-
tegrate multiple performance dimensions, 
including clinical correctness, reasoning 
transparency, and hallucination risk. Such 
comprehensive frameworks may provide a 
more accurate representation of model ca-
pabilities and limitations, ultimately support-
ing safer and more effective implementation 
in both research and clinical practice.

In conclusion, the study by Güneş et al.1 
provides valuable insights into the current 
limitations of LLM-generated references. 
However, reference accuracy should be in-
terpreted within a broader and temporally 
aware evaluation framework. Addressing 
these challenges will be essential for the 
responsible integration of LLMs into radiol-
ogy.
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Reply: Evaluating the reference accuracy of large language models in 
radiology: a comparative study across subspecialties

Dear Editor,

We thank the authors for their thoughtful and well-articulated comments on our study.1

We agree that large language model (LLM) performance is inherently multidimensional 
and that temporal variability and response stochasticity are important considerations. As out-
lined in our Discussion, these aspects—including the use of a single response per query and 
the absence of repeated sampling—were explicitly acknowledged as limitations of our study.2

Our research was intentionally designed to provide a standardized baseline comparison 
across models. The single-response-per-query approach was adopted to ensure methodolog-
ical consistency and comparability while recognizing that it does not capture the full variabil-
ity of LLM outputs. In this context, the points raised by the authors are valid and consistent 
with the methodological considerations outlined in our manuscript.

We also concur that reference accuracy represents only one component of overall LLM 
performance. However, we believe it remains a particularly critical domain in radiology, where 
clinical and academic practice depends on accurate and verifiable sources.3,4 From this per-
spective, our focused evaluation addresses a fundamental aspect of LLM reliability.

The authors’ emphasis on hallucination is particularly relevant. Our findings are consistent 
with prior studies demonstrating that fabricated or inaccurate references remain a persistent 
limitation across current LLMs, reinforcing the need for careful validation and human over-
sight.5-7

We agree that future research incorporating repeated sampling and broader performance 
metrics will further enhance the understanding of LLM behavior. Within this context, we be-
lieve our study provides a necessary and timely benchmark in this domain.

We thank the authors again for their valuable contribution to this discussion.
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B R E A S T  I M A G I N G
O R I G I N A L  A R T I C L E

Comparative analysis of the diagnostic value of dynamic contrast-
enhanced magnetic resonance imaging kinetic heterogeneity and 
apparent diffusion coefficient for grading invasive breast cancer

PURPOSE
To quantitatively compare the diagnostic value of dynamic contrast-enhanced (DCE) magnetic res-
onance imaging (MRI) kinetic heterogeneity and conventional diffusion-weighted imaging (DWI) 
for the extent of breast cancer infiltration. 

METHODS
This study employed a retrospective analysis of DCE-MRI data of patients with invasive breast can-
cer (IBC) diagnosed by pathology in our hospital between January 2023 and February 2025. The aim 
was to obtain quantitative measures of kinetic heterogeneity and apparent diffusion coefficients 
(ADCs) from DWI, and to extract the six main parameters for lesion heterogeneity analysis from 
preoperative MRI data using MATLAB, SPM12, and R 4.4.1. The parameters included peak, enhance-
ment volume, persistent fraction, plateau, washout, and heterogeneity. The diagnostic efficacy of 
DCE-MRI, conventional DWI, and their combination on the extent of IBC infiltration was compared 
by analyzing the receiver operating characteristic curves, sensitivities, specificities, and correlations 
among the parameters.

RESULTS
The high-grade group exhibited significantly higher peak, plateau, washout, and heterogeneity 
values, along with lower persistent and ADC values, compared with the low-grade group (all P < 
0.001); tumor volume did not differ between groups (P = 0.314). ADC and persistent fractions were 
negatively correlated with pathological grade, whereas peak, plateau, washout, and heterogeneity 
were positively correlated. Receiver operating characteristic analysis showed that heterogeneity 
achieved a significantly higher area under the curve (AUC) than ADC [0.910, 95% confidence inter-
val (CI): 0.857–0.948 vs. 0.808, 95% CI: 0.741–0.863; DeLong Z = 2.626, P = 0.009]. The AUC for the 
combined model of heterogeneity, peak value, and ADC was 0.969 (95% CI: 0.946–0.992), with a 
sensitivity of 95.5% and a specificity of 89.2%.

CONCLUSION
DCE-MRI combined with DWI has significant diagnostic value in identifying the extent of IBC infil-
tration.

CLINICAL SIGNIFICANCE
DCE-MRI kinetic heterogeneity combined with DWI enables noninvasive discrimination of the ex-
tent of IBC infiltration before surgery, facilitating personalized systemic therapy and nodal evalua-
tion while avoiding overtreatment in patients at low risk. Computer-aided, whole-tumor heteroge-
neity analysis replaces limited region-of-interest sampling, significantly improving both efficiency 
and accuracy of IBC grading. Integration of kinetic heterogeneity plus diffusion parameters pro-
vides a panoramic view of tumor size, location, and perilesional relationships, empowering multi-
disciplinary teams to rapidly individualize surgical and adjuvant treatment strategies.

KEYWORDS
Invasive breast cancer, dynamic contrast-enhanced magnetic resonance imaging, kinetic heteroge-
neity, diffusion-weighted imaging, apparent diffusion coefficient
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Invasive breast cancer (IBC) accounts for 
70%–80%1 of breast cancers and poses an 
elevated recurrence risk due to stromal/

vascular infiltration.2 Accurate preoperative 
grading is essential for personalized thera-
py.3 However, core biopsy—the reference 
standard—is invasive and limited by sam-
pling error and inter-observer variability.4,5 
Multiparametric magnetic resonance imag-
ing (MRI) offers a non-invasive alternative. 
Diffusion-weighted imaging (DWI) quantifies 
cellularity via apparent diffusion coefficient 

(ADC) values,6 whereas dynamic contrast-en-
hanced MRI (DCE-MRI) extracts quantitative 
parameters based on the pharmacokinetic 
model of the contrast agent to reveal the 
perfusion and permeability characteristics 
of tumor microvessels.7 Although these tech-
niques reliably differentiate benign from ma-
lignant lesions,8,9 their further application to 
breast cancer grading remains limited. This 
is because most studies rely on manual, sin-
gle-layer region-of-interest (ROI) localization, 
thereby overlooking spatial heterogeneity.10 
Therefore, it is vital to systematically validate 
the value of DWI and DCE-MRI quantitative 
parameters in evaluating the degree of IBC 
infiltration across an entire tumor scale.

Computer-aided diagnosis (CAD) over-
comes this limitation by enabling voxel-wise 
quantification of entire tumors, capturing 
intratumoural heterogeneity from hemor-
rhage, necrosis, and microvascular varia-
tion.11-13 Previous studies have shown that a 
stronger washout effect and higher kinetic 
heterogeneity on DCE-MRI can effectively 
distinguish benign from malignant breast le-
sions, reflecting increased angiogenesis and 
the degree of vascular leakage within the 
tumor.14 Additionally, the CAD system auto-
matically detects lesions, thereby reducing 
interpretation time and substantially low-
ering the false-positive rate below specific 
thresholds.15 Building on these observations, 
the present study compares whole-tumor 

ADC and DCE-MRI quantitative parameters in 
terms of low- and high-grade IBC, evaluating 
their diagnostic efficacy.

Methods

Patients

This retrospective study analyzed clinical 
and imaging data from patients with breast 
cancer admitted to Northern Jiangsu Peo-
ple’s Hospital between January 2023 and 
February 2025. A total of 203 patients were 
included (Figure 1). The inclusion criteria 
were as follows: 1) complete MRI data, in-
cluding DWI and DCE-MRI; 2) postoperative 
pathological confirmation of IBC with de-
fined invasive grade; and 3) no prior history 
of breast cancer surgery, neoadjuvant che-
motherapy, or related interventions docu-
mented before the imaging examination. 
The exclusion criteria included 1) poor MRI 
image quality (e.g., significant artifacts), 2) 
non-lump cases and other types of breast 
malignancies, 3) factors impeding accurate 
image interpretation (including location in 
special anatomical sites, indistinct lesion 
boundaries, and lesion size < 5 mm), and 
4) pregnancy. The grade of IBC infiltration 
was classified according to the Nottingham 
Combined Histological Grading system,16 an 
amended version of the Schaff-Blum-Rich-
ardson system. IBC was classified into three 
grades based on ductal formation, nuclear 

Main points

•	 High-grade invasive breast cancer (IBC) ex-
hibited significantly higher peak, plateau, 
washout, and heterogeneity values than 
low-grade IBC. Conversely, high-grade IBC 
demonstrated lower persistent fraction and 
apparent diffusion coefficient values, with 
no discernible difference in volume values 
between the two groups.

•	 Apparent diffusion coefficient, persistent 
fraction, and IBC grading exhibited a nega-
tive correlation. Peak, plateau, washout, and 
heterogeneity demonstrated a positive cor-
relation with IBC grading. However, no sig-
nificant correlation was observed between 
enhancement volume and IBC grading.

•	 Dynamic contrast-enhanced magnetic res-
onance imaging kinetic heterogeneity com-
bined with diffusion-weighted imaging has 
significant diagnostic value in identifying 
the extent of IBC infiltration.

Figure 1. Flowchart showing the patient recruitment process. MRI, magnetic resonance imaging; IBC, invasive breast cancer.
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pleomorphism, and mitotic count. According 
to prior studies, Grades I and II are grouped 
as low-grade IBC, and Grade III as high-grade 
IBC.17 Immunohistochemistry (IHC) was per-
formed using the streptavidin–biotin meth-
od to detect estrogen receptor (ER), pro-
gesterone receptor (PR), human epidermal 
growth factor receptor 2 (HER2), and Ki-67 
proliferation. HER2 expression status was 
further confirmed via fluorescence in situ hy-
bridization (FISH). If the HER2 IHC result is 3+, 
it is classified as HER2-positive; if the result is 
1+ or 0, it is classified as HER2-negative; if the 
result is 2+, FISH testing is required to deter-
mine the HER2 status.18 ER and PR positivity is 
defined as ≥ 1% of tumor cell nuclei showing 
positive staining. The Ki-67 index is catego-
rized as low proliferation (< 14%) or high pro-
liferation (≥ 14%) based on a cut-off of 14%.19 
This study was approved by the Review Com-
mittee of Northern Jiangsu People’s Hospital 
(approval number: 2024ky379, date: Decem-
ber 24, 2024). Informed consent was waived 
due to the study’s retrospective design.

Imaging acquisition

This study utilized the GE Healthcare Dis-
covery MR750W 3.0 T (GE Healthcare, Chica-
go, IL, USA) MRI system for scanning. Patients 
were placed in the prone position, with both 
breasts naturally suspended within a dedi-
cated eight-channel breast phased-array coil. 
The scan coverage included both breasts, 
the anterior chest wall, and the axillary re-
gions. The imaging protocol commenced 
with a localization sequence, followed by 
axial fat-suppressed T2-weighted turbo 
spin-echo (TSE) imaging. DCE-MRI images 
were acquired using a three-dimensional 
T1-weighted fast gradient echo (LAVA/FLEX) 
sequence, comprising one pre-contrast and 
five post-contrast images. Following the 
pre-contrast acquisition, gadolinium dieth-
yltripropionate (Omniscan, GE Healthcare) 
was bolus-injected at a flow rate of 2.5 mL/s 
via the antecubital vein using a high-pres-
sure syringe, at a dose of 0.1 mmol/kg body 
weight. This was immediately followed by 
a 20-mL saline flush at the same flow rate. 
Following scan completion, images were 
uploaded to the GE Advantage Workstation 
for routine time-intensity curve (TIC) plotting 
of lesions. Prior to DCE-MRI, axial fat-sup-
pressed single-shot echo-planar (SS-EPI) DWI 
was performed. Diffusion gradients were 
sequentially applied in three orthogonal 
directions, with an acquisition time of 222 
s and b values of 0 and 1,000 s/mm2. All se-
quences were acquired axially. Conventional 
T1-weighted imaging (WI) employed a TSE 

readout, with repetition time (TR): 4.4 ms, 
echo time (TE): 2.1 ms, flip angle: 15°, field 
of view (FOV): 320 × 320 mm2, phase matrix: 
320 × 320, and slice thickness: 1.3 mm. DCE 
T1-WI used an identical TSE readout, with TR: 
5.9 ms, TE: 1.1 ms, flip angle: 15°, FOV: 320 × 
320 mm2, phase matrix: 240 × 240, and slice 
thickness: 1.3 mm. Fat-suppressed T2-WI was 
acquired using TR: 4,619 ms, TE: 85 ms, flip 
angle: 15°, FOV: 320 × 320 mm2, phase ma-
trix: 224 × 320, and slice thickness: 4 mm. 
DWI used an SS-EPI sequence in an oblique 
plane, with TR: 2,859 ms, TE: 88.5 ms, FOV: 
320 × 320 mm2, phase matrix: 128 × 128, and 
slice thickness: 10 mm.

Image analysis

The DCE-MRI processing workflow was 
as follows. First, motion correction was per-
formed on all phases of the DCE-MRI images 
using SPM 12 software, with the criteria that 
translational and rotational motion were < 1 
mm and < 5°, respectively. The corrected im-
ages were then imported into ITK-SNAP soft-
ware (version 3.8.0). Two radiologists (with 5 
and 10 years of breast MRI experience, respec-
tively) manually delineated the volume of 
interest (VOI) on second-phase DCE-MRI im-
ages acquired within 120 s of contrast agent 
injection to maximize lesion-background 
contrast and enhance delineation consisten-
cy.20,21 Finally, MATLAB (version 2021a) was 
used to extract DCE parameters within the 
VOI. The parameters included peak, which 
is the maximum enhancement ratio (MER) 
within the tumor between the early peak en-
hancement phase (120 s post-contrast injec-
tion) and the pre-enhanced image. The MER 
calculation formula is as follows:22

 ,

where Sbaseline​ = mean signal intensity of 
the first two pre-contrast phases, and Speak​ 
= maximum post-contrast signal intensity 
per voxel at 120 s.

Further parameters included the follow-
ing. Enhancement volume, defined as the 
volume fraction of voxels within the tumor 
showing over 50% enhancement in the ear-
ly peak enhancement phase compared with 
the pre-enhanced image. Persistent fraction, 
defined in terms of a > 10%-increase in vox-
el volume in the final phase compared with 
the early peak enhancement phase in terms 
of signal intensity. Plateau proportion, where 
the increase or decrease in the signal inten-
sity ratio between the final phase and the 
early peak enhancement phase does not 
exceed 10% in the voxel volume. Washout 

proportion, defined as a decrease in voxel 
volume by more than 10% in the final phase 
compared with the early peak enhancement 
phase in terms of signal intensity. Heteroge-
neity, which is a measure of tumor hetero-
geneity based on the proportion of voxels 
exhibiting washout, plateau, or sustained en-
hancement. The formula for the calculation 
of heterogeneity is as follows:23 

where Pi is the frequency of observations 
of each variable and k is the number of ki-
netic-class categories; here k: 3 (washout, 
plateau, persistent). The index ranges from 
0 to 1, with higher values indicating greater 
heterogeneity.24

The DWI processing workflow was as fol-
lows: DWI data were converted to NIfTI for-
mat using MRIcron (https://www.nitrc.org/
projects/mricron), then processed using the 
NeuDiLab software developed based on 
DIPY (https://dipy.org/). For conventional 
DWI, the quantitative metric ADC is generat-
ed via single-exponent fitting using the fol-
lowing formula:25

S(b) / S(0) = exp (−b • ADC),

where S(0) and S(b) represent the signal 
intensity of water molecule motion in the 
absence and presence of diffusion, respec-
tively; b is the diffusion-sensitization factor 
determining the degree of diffusion weight-
ing in signal intensity. To measure diffusion 
metrics, the VOI defined on DCE-MRI was 
used as a reference. This VOI was placed on 
the quantitative map of conventional DWI 
(i.e., ADC), positioned along the tumor mar-
gin with the largest dimension, and excluded 
adjacent normal breast and fatty tissue.

Statistical analysis

All statistical analyses were performed us-
ing SPSS 25.0 (IBM Corp., Armonk, NY, USA), 
MedCalc 19.6 (MedCalc Software, Ostend, 
Belgium) and R 4.4.1 software (R Foundation 
for Statistical Computing, Vienna, Austria). In-
ter-reader reproducibility for continuous pa-
rameters was quantified using the intraclass 
correlation coefficient (ICC), with values > 
0.75 indicating excellent agreement. Normal-
ity was first examined using the Shapiro–Wilk 
test. Continuous variables were expressed as 
mean ± standard deviation if normally dis-
tributed, and compared using the indepen-
dent-sample t-test; otherwise, they were ex-
pressed as median (interquartile range) and 
compared using the Mann–Whitney U test. 
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To compare the distributions of categori-
cal variables between two groups, the chi-
square (χ2) test was used. When data in the 
contingency table were sparse—specifically, 
when more than 20% of expected cell counts 
were < 5 or any expected count was < 1—
the Fisher–Freeman–Halton test (i.e., Fisher’s 
exact test for R × C contingency tables) was 
used to obtain more reliable and precise P val-
ues. Univariate logistic regression was used 
to select initial parameters. Subsequently, a 
forward stepwise multivariable logistic re-
gression analysis was performed on param-
eters with P < 0.05 to identify the simplest, 
clinically significant model for distinguishing 
low-grade from high-grade IBC. The optimal 
probability threshold for the combined diag-
nostic model was determined by maximizing 
Youden’s index (J = Sensitivity + Specificity 
− 1) on the receiver operating characteristic 
(ROC) curve. To assess the risk of overfitting, 
stratified bootstrap resampling was used to 
assess area under the curve (AUC) sampling 
fluctuations, and the validated average AUC 
and its 95% confidence interval (CI) were cal-
culated. The calibration curve was used to 
evaluate the consistency between the mod-
el’s predicted and observed probabilities. 
Correlation analyses were performed using 
Pearson’s r for normally distributed continu-
ous variables and Spearman’s ρ for non-nor-
mally distributed data. Two-tailed P values < 
0.05 were considered statistically significant.

Results
A total of 203 patients with pathologi-

cally confirmed IBC were included (Table 1). 
Among them, 93 patients (45.8%) were clas-
sified as low grade (Grade I, n = 6; Grade II, 
n = 87), and 110 (54.2%) as high grade. No 
significant difference was observed in the 
maximum tumor diameter (29.7 ± 23.0 vs. 
24.4 ± 13.8 mm; P = 0.585) or PR expression 
between the low-grade and high-grade 
groups, whereas statistically significant dif-
ferences were noted in ER and HER2 expres-
sion, and Ki-67 proliferation index (P < 0.05). 
TICs differed significantly between groups (P 
= 0.010): type III curves were more frequent 
in high-grade IBC (73.6% vs. 53.8%), whereas 
type I curves predominated in low-grade le-
sions (7.5% vs. 2.7%). The mean age was sim-
ilar between the low-grade and high-grade 
groups (53 ± 10 vs. 55 ± 11 years, P = 0.053). 

Inter-reader agreement for all quanti-
tative metrics was excellent (ICC > 0.75, P < 
0.05) (Table 2). High-grade IBC exhibited sig-
nificantly higher peak enhancement (17.486 
± 23.881 vs. 7.025 ± 5.924, P < 0.001), plateau 
fraction (0.318 ± 0.182 vs. 0.137 ± 0.118, P < 

0.001), washout fraction (0.210 ± 0.170 vs. 
0.105 ± 0.146, P = 0.007), and kinetic het-
erogeneity (0.908 ± 0.191 vs. 0.493 ± 0.239, 
P < 0.001) than low-grade tumors (Table 1, 
Figure 2). Conversely, the persistent fraction 
(0.493 ± 0.239 vs. 0.729 ± 0.251, P < 0.001) 
and ADC value (0.770 ± 0.161 vs. 1.010 ± 
0.221 × 10-3 mm2/s, P < 0.001) were signifi-
cantly lower in high-grade lesions. No be-

tween-group difference in lesion volume was 
observed (P = 0.314). Univariable logistic re-
gression identified peak, persistent, plateau, 
washout, and heterogeneity as significant 
predictors of grading IBC (P < 0.05) (Table 
3). These variables were subsequently en-
tered into a forward stepwise multivariable 
logistic regression analysis. The final model 
identified kinetic heterogeneity [odds ratio 

Table 1. General data characteristics, DCE-MRI kinetic analysis of each parameter and ADC 
values of patients with low-grade IBC vs. high-grade IBC

Low-grade IBC 
(n = 93)

High-grade IBC 
(n = 110)

P

Age 53 ± 10 55 ± 11 0.053

Tumor length diameter (mm) 29.68 ± 22.99 24.41 ± 13.78 0.585

ER

+ 67 48
< 0.001

− 26 62

PR

+ 55 53
0.116

− 38 57

HER2

+ 76 39
< 0.001

− 17 71

Ki-67

>14% 46 72 0.018

≤14% 47 38

TIC

I 7 (7.53%) 3 (2.73%)

0.010II 36 (38.71%) 26 (23.64%)

III 50 (53.76%) 81 (73.63%)

Peak 7.025 ± 5.924 17.486 ± 23.881 < 0.001

Volume 2,455.591 ± 5,343.670 4,852.045 ± 24,164.594 0.314

Persistent 0.729 ± 0.251 0.493 ± 0.239 < 0.001

Plateau 0.137 ± 0.118 0.318 ± 0.182 < 0.001

Washout 0.105 ± 0.146 0.210 ± 0.170 0.007

Heterogeneity 0.493 ± 0.239 0.908 ± 0.191 < 0.001

ADC 1.010 ± 0.221 0.770 ± 0.161 < 0.001

IBC, invasive breast cancer; ADC, apparent diffusion coefficient; TIC, time-intensity curve; HER2, human epidermal 
growth factor receptor 2; ER, estrogen receptor; PR, progesterone receptor; DCE, dynamic contrast-enhanced; MRI, 
magnetic resonance imaging.

Table 2. ICC values for each parameter of DCE-MRI kinetic analysis and ADC values between 
two observers

Parameters Two observer ICC values P

Heterogeneity 0.957 (0.935–0.971) < 0.001

ADC 0.901 (0.883–0.926) < 0.001

Peak 0.978 (0.928–0.968) < 0.001

Volume 0.902 (0.837–0.928) < 0.001

Persistent 0.912 (0.849–0.935) < 0.001

Plateau 0.900 (0.835–0.925) < 0.001

Washout 0.961 (0.930–0.970) < 0.001

ADC, apparent diffusion coefficient; ICC, intraclass correlation coefficient; DCE, dynamic contrast-enhanced; MRI, 
magnetic resonance imaging.
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(OR): 2.500; 95% CI: 1.848–3.373; P < 0.001] 
and peak (OR: 1.130; 95% CI: 1.026–1.244; P 
= 0.012) as independent positive predictors 
of high-grade IBC, whereas ADC was an inde-
pendent negative predictor (OR: 0.318; 95% 
CI: 0.198–0.514; P < 0.001) (Figure 3). 

The ROC analysis demonstrated good 
discriminatory power for all quantitative 
metrics (Figure 4). The AUC values were as 
follows: peak: 0.680 (95% CI: 0.611–0.744), 
persistent: 0.765 (95% CI: 0.700–0.821), pla-
teau: 0.806 (95% CI: 0.744–0.858), washout: 
0.717 (95% CI: 0.650–0.778), heterogeneity 
0.914 (95% CI: 0.866–0.949), and ADC 0.819 
(95% CI: 0.758–0.869) (Table 4). Correspond-
ing sensitivities were 55.5%, 69.0%, 65.3%, 
64.5%, 86.4%, and 90.3%, with specificities 
of 78.5%, 79.0%, 87.3%, 74.2%, 84.9%, and 
53.6%, respectively. The combined model 
incorporating heterogeneity, peak, and ADC 
achieved a sensitivity of 95.5% and a specific-
ity of 89.2% at the optimal threshold of 0.346. 
DeLong testing revealed that heterogeneity 
achieved a significantly higher AUC than 
ADC (0.914 vs. 0.819; P = 0.009). In evaluat-
ing the generalization ability and overfitting 
risk of the combined heterogeneity, peak, 
and ADC comprehensive diagnostic model, 
the average AUC obtained through stratified 
bootstrap resampling was 0.969 (95% CI: 
0.933–0.985), which was significantly better 
than that of any single parameter. The cali-
bration curve was plotted based on the final 
model (Figure 5). The predicted probabilities 
for each risk group were generally close to 
the ideal 45° reference line in the overall dis-
tribution, indicating acceptable calibration 
performance.

Correlation analyses were summarized 
and visualized using a heat map of Pearson 
coefficients (Figure 6). ADC and persistent 
fraction were negatively correlated with 
histological grade (r: −0.533, P < 0.001 and 
r: −0.414, P < 0.001, respectively), whereas 
peak, plateau, washout, and heterogeneity 
showed positive correlations (r: 0.279, P < 
0.001; r: 0.505, P < 0.001; r: 0.314, P < 0.001; 
and r: 0.695, P < 0.001). No significant asso-
ciation was observed between enhancement 
volume and grade (r: 0.066, P = 0.350). Het-
erogeneity possessed the strongest correla-
tion with invasive status, and the combina-
tion of heterogeneity plus ADC yielded the 
highest diagnostic performance.

Discussion
This study demonstrated that high-grade 

IBC is characterized by significantly higher 
peak, plateau, and washout ratios on DCE-

MRI, as well as greater heterogeneity, along-
side lower persistent fraction ratios and ADC 
values. The combined diagnostic model in-
corporating heterogeneity, peak, and ADC 
achieved an AUC of 0.969, which was signifi-

cantly superior to that of any single param-
eter. These findings indicate that combin-
ing DCE-MRI with DWI enables quantitative 
assessment of IBC grading. This approach 
can provide objective evidence to support 

Table 3. Univariable and multivariable logistic regression analyses of the relationship 
between low-grade and high-grade IBCs

Parameters Unit 
change

Univariable Multivariable

OR 95%Cl P OR 95% Cl P

ADC 0.1 0.427 0.328–1.000 < 0.001 0.318 0.198–0.514 < 0.001

Heterogeneity 0.1 2.365 1.883–2.971 < 0.001 2.500 1.848–3.373 < 0.001

Peak 1 1.087 1.041–1.135 < 0.001 1.130 1.026–1.244 0.012

Persistent 1 0.035 0.011–0.116 < 0.001

Plateau 1 4,615.207 369.461–
57,651.9451 < 0.001

Washout 1 113.895 12.249–1,058.998 < 0.001

ADC, apparent diffusion coefficient; OR, odds ratio; CI, confidence interval; IBC, invasive breast cancer.

Figure 2. Violin graphs showing the differences in dynamic contrast-enhanced magnetic resonance imaging 
kinetic parameters and apparent diffusion coefficient values between low-grade and high-grade invasive 
breast cancer. IBC, invasive breast cancer.

Figure 3. A 46-year-old female with a malignant tumor (high-grade IBC). BI-RADS:5. Dynamic contrast-
enhanced kinetic analysis plot (a and b), peak: 5.983, persistent: 0.430, plateau: 0.312, washout: 0.257, and 
heterogeneity: 1.075. The blue, green, and red denote persistent, plateau, and washout, respectively. IBC, 
invasive breast cancer.

a b
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precise histological grading and guide indi-
vidualized treatment planning and axillary 
management, thereby helping to avoid over-
treatment in patients at low risk.

In agreement with the report by Li et al.,26 
which found that high-grade lesions exhibit 
elevated quantitative parameters, we ob-
served significantly greater kinetic hetero-
geneity in high-grade IBC than in low-grade 
tumors (0.908 ± 0.191 vs. 0.493 ± 0.239, P < 
0.001). Breast cancer heterogeneity is usu-
ally accompanied by regional hypoxia and 
microvascular abnormalities, including dis-
organized vessel architecture and increased 
permeability. We therefore postulated that 
greater kinetic heterogeneity reflects a more 
complex vascular network and more pro-
nounced histopathological heterogeneity 
within the tumor microenvironment. Previ-
ous studies have demonstrated that tumor 
infiltration extent is associated with tumor 
cell growth rate, invasiveness to surround-
ing tissues, drug sensitivity, and treatment 
outcomes. Therefore, preoperative grading is 
of considerable importance in guiding treat-
ment planning.27 Conversely, ADC values 
were significantly lower in high-grade IBC 
than in the low-grade group (0.770 ± 0.161 
vs. 1.010 ± 0.221 × 10-3 mm2/s, P < 0.001) and 
showed a strong inverse correlation with in-
vasive grade (r: −0.533, P < 0.001), which is in 
agreement with the findings of Mori et al.28 
This difference is likely attributable to the 
characteristic pathological features of high-
grade tumors, such as marked nuclear pleo-
morphism, a high mitotic index, and densely 
packed tumor cells. Spearman correlation 
analysis further revealed that both ADC and 
persistent fraction were negatively correlat-
ed with histological grade (r: −0.533 and r: 
−0.414, respectively; P < 0.001). This indicates 
that increased cellular density and reduced 
sustained perfusion are associated with 
greater aggressiveness. In contrast, peak, 
plateau, washout, and heterogeneity were 
positively correlated with grade (r: 0.279, 

0.505, 0.314, and 0.695, respectively; all 
P < 0.001), suggesting that greater perfusion 
heterogeneity and washout are indicative of 
higher malignant potential. In this study, the 

persistent, plateau, and washout parameters 
were represented by blue, green, and red, re-
spectively. Compared with histogram analy-
sis, which captures overall heterogeneity but 

Figure 4. Receiver operating characteristic curve analysis for invasive breast cancer grade identification 
yielded an area under the curve of 0.910 (95% CI: 0.857–0.948) for heterogeneity, 0.808 (95% CI: 0.741–
0.863) for apparent diffusion coefficient, and 0.969 (95% CI: 0.927–0.984) for the combined diagnostic 
model, demonstrating the superior discriminative performance of the combined model in assessing breast 
cancer invasiveness. ADC, apparent diffusion coefficient; CI, confidence interval.

Table 4. Comparison of the diagnostic efficacy of DCE-MRI kinetic analysis of each parameter and ADC values between low-grade and high-
grade IBCs

Parameters AUC 95% CI Sensitivity Specificity Cut-off value Youden index

ADC 0.819 0.758–0.869 90.30% 53.60% 0.735 0.525

Heterogeneity 0.914 0.866–0.949 86.40% 84.90% 0.709 0.713

Peak 0.68 0.611–0.744 55.50% 78.50% 10.322 0.340

Persistent 0.765 0.700–0.821 69.00% 79.00% 0.721 0.499

Plateau 0.806 0.744–0.858 65.30% 87.30% 0.263 0.524

Washout 0.717 0.650–0.778 64.50% 74.20% 0.122 0.387

Combined diagnostic model 0.969 0.946–0.992 95.50% 89.20% 0.346 0.847

ADC, apparent diffusion coefficient; AUC, area under the curve; CI, confidence interval; DCE, dynamic contrast-enhanced; MRI, magnetic resonance imaging; IBC, invasive breast 
cancer.

Figure 5. Calibration plot of the final multivariable model. The plot shows that the predicted probabilities 
across risk groups were generally close to the ideal 45° line, indicating acceptable calibration performance.
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loses spatial information, the core advantage 
of our model lies in preserving the spatial 
distribution map of heterogeneity. This en-
ables us to identify and localize specific sub-
regions within tumors that may represent 
the highest invasive potential or potential 
therapeutic resistance, which holds potential 
significance for guiding targeted biopsy or 
localized dose-fractionation radiotherapy.

This study is consistent with previous re-
ports that combined DWI and DCE-MRI to im-
prove the estimation of pathological grade in 
breast cancer.29,30 The present study focused 
exclusively on invasive carcinoma of no spe-
cial type (NST), the most common histologi-
cal subtype, to eliminate biological heteroge-
neity among subtypes.31 DCE-MRI combined 
with DWI technology has been applied in 
the preoperative evaluation of breast cancer 
to assess tumor size and internal structure. 
DCE imaging can demonstrate the extent of 
tumor lesions, providing reliable references 
for surgical planning. However, it is import-
ant to note that approximately 10%–15% of 
all IBCs, specifically invasive lobular carcino-
mas (ILCs),32-36 exhibit delayed peak enhance-
ment and infrequent contrast washout on 
DCE-MRI,37 markedly differing from the rapid 
enhancement pattern seen in NST. The bio-
logical basis of ILC may relate to its diffuse 
growth pattern and reduced neovascular-
ization requirements, manifested by lower 
vascular endothelial growth factor levels and 
more mature, low-permeability tumor vas-
culature,38-40 resulting in overall weaker en-
hancement. Given the potential limitations 
of traditional assessment parameters for le-
sions with atypical enhancement patterns, 

the heterogeneity index used in this study 
quantifies voxel-level perfusion gradients 
to reflect spatial heterogeneity in microvas-
cular function. Theoretically less dependent 
on lesion enhancement intensity or sharp 
margins, this index is hypothesized to retain 
discriminatory potential for ILC, although 
its value requires further validation through 
subgroup analysis. Fan et al.41 constructed 
radiomic signatures from single-phase DCE-
MRI and ADC maps, achieving AUCs of 0.811 
and 0.816 for tumor grading, respectively; 
both values are significantly lower than the 
AUC of 0.969 obtained with the combined 
model of heterogeneity, peak, and ADC. A 
probable explanation is that static radiomics 
extracts thousands of features from a limited 
cohort, yielding features with questionable 
biological interpretability, whereas our kinet-
ic heterogeneity metric quantifies time-re-
solved hypoxia and microvascular abnor-
malities across all perfusion phases, thereby 
providing complementary information to ra-
diomics approaches. It should be noted that 
although this study demonstrates superior 
technical-level discriminative efficacy com-
pared with conventional methods and at-
tempts to provide biologically interpretable 
features, it remains within the scope of retro-
spective technical validation. Whether it can 
ultimately influence surgical decisions, assist 
in treatment selection, or improve patient 
outcomes requires validation in prospective 
clinical settings.

In the present study, high-grade IBC ex-
hibited a significantly higher peak than low-
grade tumors (17.486 ± 23.881 vs. 7.025 ± 
5.924, P < 0.001), a finding consistent with 

previous work,42 which demonstrated a 
strong association between greater peak 
enhancement and higher histological grade 
and advanced clinical stage. Peak enhance-
ment reflects the early increase in signal 
intensity after contrast injection and thus 
mirrors the concentration of contrast me-
dium in the intravascular and extravascular 
compartments.43 We therefore postulate 
that the elevated peak in high-grade lesions 
is closely linked to altered tumor microvas-
culature. In this study of low-grade IBC, we 
found that 53.8% of cases exhibited a type 
III TIC, whereas previous similar studies re-
ported approximately 34% of breast cancers 
presenting a type II TIC.44 Furthermore, ex-
isting research indicates that distinguishing 
benign from malignant breast lesions often 
requires reliance on the most suspicious TIC 
classification,45 suggesting that TIC gener-
ation is highly dependent on the ROI delin-
eated by the operator. If the ROI is not accu-
rately placed within the rapidly enhancing 
washout region, it may compromise the 
curve’s representativeness and thus inter-
fere with diagnostic judgment.46 Therefore, 
precise ROI localization is critical for the re-
liability of diagnostic accuracy. However, this 
study overcomes the errors associated with 
manual placement through whole-tumor 
quantitative analysis, with results indicating 
that the proportion of persistent IBC was 
significantly higher in low-grade IBC than 
in high-grade IBC (0.729 ± 0.251 vs. 0.493 ± 
0.239, P < 0.001), whereas the proportion of 
plateau-stage IBC was significantly lower in 
low-grade IBC than in high-grade IBC (0.137 
± 0.118 vs. 0.318 ± 0.182, P < 0.001). These 
findings indicate that high-grade IBC exhib-
its a marked reduction in persistent fraction 
and a corresponding increase in plateau. 
Consequently, the persistent and plateau 
parameters demonstrate potential utility in 
the graded diagnosis of IBC, offering crucial 
evidence for distinguishing low-grade from 
high-grade IBC. Research47 has suggested 
that plateau may reflect the distribution and 
proportion of invasive tumor cells within 
breast cancer, presenting novel insights for 
noninvasive diagnosis; however, further clin-
ical validation is required.

Immunohistochemical analysis in this 
study further revealed statistically signifi-
cant differences in HER2 expression status 
and Ki-67 proliferation index across different 
histological grades, consistent with previous 
findings.48,49 Prior studies have demonstrated 
that high Ki-67 proliferation correlates with 
aggressive growth and higher tumor grades 
in breast cancer, with tumor cell proliferation 

Figure 6. Heatmap of correlations among various parameters of dynamic contrast-enhanced magnetic 
resonance imaging kinetic analysis, apparent diffusion coefficient (ADC) values, and invasive breast cancer 
staging; ADC was negatively correlated with histological grade (r: −0.533, P < 0.001), whereas heterogeneity 
showed positive correlations (r: 0.695, P < 0.001).
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often exhibiting spatially heterogeneous dis-
tribution.50 Recent studies have utilized mul-
tiparametric MRI for noninvasive assessment 
of the biological characteristics of breast 
cancer.51,52 This suggests that integrating 
complementary imaging and pathological 
information is crucial for developing predic-
tive models that comprehensively interpret 
tumor heterogeneity, providing important 
insights for further refinement of this re-
search. Additionally, although some early 
studies have reported a correlation between 
tumor volume and histological grade,53 our 
analysis found no significant association be-
tween manually segmented tumor volume 
and grade (P = 0.314). This finding aligns with 
data from large-scale population studies. For 
example, in an analysis of 161,708 breast 
cancers from the SEER Program, Schwartz 
et al.54 found that tumor size accounted for 
< 10% of the variance in histological grade. 
Notably, 15%–20% of tumors smaller than 1 
cm were classified as Grade III, indicating that 
small lesions can be biologically aggressive. 
Similarly, Liu et al.16 reported no correlation 
between invasive tumor size and any DCE-
MRI perfusion parameter (all P > 0.05), and 
Schmitz et al.55 found no association be-
tween macroscopic diameter and micro-ves-
sel density on 3.0 T breast MRI. Collectively, 
these data suggest that invasive potential is 
driven more by intrinsic biological traits, such 
as angiogenic activity, cellular density, and 
genomic instability, than by physical tumor 
bulk. Furthermore, our volume segmenta-
tion deliberately excluded peritumoural ede-
ma, a methodological choice that may have 
reduced any incidental correlation between 
edema-rich large lesions and high-grade dis-
ease. Based on this evidence, we hypothesize 
that tumor size is not a determinant of angio-
genic factors or blood perfusion in IBC. 

Our study has several limitations. First, 
this was a single-center, exploratory study 
with a relatively small sample size. The mod-
el coefficients and calibration have not been 
verified in external cohorts, and the poten-
tial risk of overfitting cannot be completely 
ruled out. Second, this study was restricted 
to patients with NST lesions who had not 
received any breast cancer-related treat-
ment, which may limit the generalizability 
of kinetic parameters to other IBC subtypes 
and introduce selection bias. Future research 
will further evaluate the diagnostic effica-
cy of DCE-MRI and DWI in assessing the re-
sponse to neoadjuvant therapy. Third, tumor 
VOIs were manually delineated, introducing 
inter-observer variability. Artificial intelli-
gence-based auto-segmentation should 

be explored to improve reproducibility and 
efficiency. Finally, heterogeneity analysis 
was performed using MATLAB and SPM12; 
inter-institutional differences in acquisition 
protocols and software packages hinder fea-
ture harmonization. Future work should es-
tablish standardized imaging protocols and 
consensus analysis pipelines to enhance the 
clinical portability of kinetic biomarkers.

In conclusion, this study employed volu-
metric quantitative DCE-MRI enhancement 
classification technology to visualize and 
quantitatively analyze the kinetic heteroge-
neity within tumors. Combined with ADC 
values, the model’s diagnostic efficacy in 
evaluating IBC grades surpassed that of a 
single parameter. This provides a new and 
promising imaging biomarker for noninva-
sive assessment of tumor heterogeneity, 
although its exact clinical application value 
needs to be verified through subsequent 
prospective studies.
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C A R D I O VA S C U L A R  I M A G I N G

Computed tomography and magnetic resonance imaging findings in 
congenital cardiovascular anomalies

ABSTRACT
The incidence of congenital heart disease (CHD) is approximately 6-7 per 1,000 newborns. With 
advanced diagnostic, medical, and surgical methods, survival of CHD is increasing, as is the number 
of people living with CHD. Echocardiography is a useful modality in non-invasive imaging, whereas 
magnetic resonance imaging (MRI), cardiac MR (CMR), cardiac computed tomography (CT), and CT 
angiography (CTA) are increasingly gaining ground in congenital cardiac imaging with developing 
technology. Considering the limited postoperative use of echocardiography, these techniques have 
assumed vital roles with the increasing population of CHD in children and adults. CMR and cardiac 
CT can complement the information obtained with echocardiography and invasive cardiac cathe-
terization and can sometimes provide more detail. In postoperative imaging of CHD, CMR allows 
an evaluation of anatomy, especially with spin echo MRI techniques, whereas cine MRI, created in 
gradient echo sequences, allows functional data to be obtained. Phase contrast CMR data provides 
information on flow direction and flow rate, allowing accurate measurement of regurgitation and 
shunt volume. In addition, in post-gadolinium imaging, data such as on MR angiography, myocar-
dial perfusion, and fibrosis can be obtained with CMR. Cardiac CT and CTA provide great advan-
tages, especially in newborns, by almost completely reducing movement and respiratory artifacts 
through capabilities such as high spatial and temporal resolution, fast acquisition, and short acqui-
sition time. Three-dimensional reformatted images with contrast-enhanced CMR or cardiac CT/CTA 
provide excellent visualization of vascular structures in complex CHDs. Coronary imaging can be 
viewed more easily with CT imaging. This article reviews the literature to provide an overview of the 
diagnostic value, relative advantages, and overall evaluation of CMR and cardiac CT examinations 
in the diagnosis and postoperative follow-up of CHD.

KEYWORDS
Cardiac imaging, congenital heart disease, cardiac computed tomography, cardiac magnetic reso-
nance imaging, computed tomography angiography, magnetic resonance angiography

You may cite this article as: Koplay M, Seher N. Computed tomography and magnetic resonance imaging findings in congenital cardiovascular anomalies. 
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Congenital cardiac malformations occur in 6-7 out of every 1,000 live births.1 Major 
advances in the diagnosis and treatment of congenital heart disease (CHD) in recent 
years have led to increased survival rates, even in patients with the most complex mal-

formations. Studies conducted in light of these developments indicate that the number of 
adults living with CHD has surpassed the number of children with CHD.2 Echocardiography 
and cardiac angiography are the primary traditional imaging techniques used to evaluate pa-
tients with CHD.3 However, these techniques have certain limitations. Echocardiography is 
limited by its narrow field of view, the need for an adequate acoustic window for imaging, and 
operator experience. Catheter angiography is limited by the superimposition of structures 
being examined, the risk of complications associated with the catheter, and its suboptimal 
evaluation of extracardiac structures. Studies have demonstrated that cardiac catheterization, 
the gold standard for cardiac imaging in terms of hemodynamic assessment, causes death in 
1% of newborns with complex CHD.4 In recent years, the use of cardiac computed tomogra-
phy (CT) and magnetic resonance imaging (MRI) in the evaluation of this condition has in-
creased substantially. Considering the long acquisition times of MRI and the age group of 
patients, MRI may require sedation and can lead to artifacts and potential anesthesia-related 
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complications. However, recent studies have 
reported that the data obtained from com-
pressed sensing four-dimensional (4D) flow 
MRI shows no significant difference com-
pared with the reference standard two-di-
mensional (2D) phase contrast.5 CT scans can 
be performed in seconds, thereby limiting 
the need for sedation in patients who are 
clinically incompatible. With isovolumetric 
imaging in CT, high-quality multiplanar re-
constructions (MPR) and three-dimensional 
(3D) images can now be created. Finally, CT 
provides more detailed information about 
extracardiac structures than MRI. Imaging 
modalities for early and accurate diagnosis 
of CHD, along with advancements in surgi-
cal and medical treatments, have led to im-
proved long-term survival.6 To ensure that 
this multidisciplinary approach is properly 
implemented, it is essential that radiology, 
cardiology, and cardiovascular surgery units 
use a common language in classifying and 
defining these diseases so that they can play 
a role in the diagnosis and follow-up of CHD. 
In this review, CT and MRI findings in CHD are 
discussed.

Computed tomography in congenital heart 
disease

Multi-detector CT (MDCT) scanners 
quickly collect volumetric data with high 
spatial resolution. The increased scanning 
speed reduces motion and breathing arti-

facts during imaging, enabling images to 
be obtained at high heart rates.7 By com-
pleting the scan in a very short time, it also 
eliminates the need for sedation.8 Although 
recent advancements in scanners and pro-
tocols have reduced radiation exposure, ra-
diation remains a key concern for children. 
In addition to cardiac anatomy, CT angiog-
raphy (CTA) with CT imaging helps evaluate 
the lung parenchyma, chest wall structures, 
tracheobronchial structures, and related 
pathologies of the aorta–pulmonary vas-
cular structure.9 Data from CT is analyzed in 
three orthogonal planes (axial, coronal, and 
sagittal) using MPR. The volume rendering 
technique allows for 3D visualization of car-
diac and extracardiac morphology. Cardiac 
CTA (cCTA) is a highly successful imaging 
modality in pediatric cardiac imaging; how-
ever, it has poorer temporal resolution than 
other cardiac imaging techniques, such as 
echocardiography, cardiac catheterization, 
and cardiac MR (CMR).10 In the literature, a 
64-slice MDCT system is considered the min-
imum adequate modality for the evaluation 
of coronary heart disease and coronary ar-
tery disease, as well as for optimizing image 
quality through radiation dose-reduction 
and noise-reduction algorithms.11 In pedi-
atric populations, however, given the higher 
likelihood of heart rate and respiratory arti-
facts, faster scanners equipped with wider 
detector coverage are recommended.12 Ad-
vances in MDCT technology, including fast-
er and broader collimation as well as higher 
gantry rotation speeds, have led to reduced 
scan times, enhanced temporal resolution, 
and, as a result, diminished motion and res-
piratory artifacts.13 Functional assessment is 
generally feasible with MDCT scanners with 
256 slices or more. Next-generation MDCT 
scanners, including 256–320/640-slice sys-
tems and dual-source MDCT, achieve a 
50%–70% reduction in radiation exposure 
through shorter scan times, reaching as low 
as 0.12 seconds.13,14 Functional cardiac as-
sessment is generally feasible with scanners 
of 256 slices or more.15 Moreover, recent 
studies in pediatric cardiac imaging indicate 
that photon-counting CT offers superior res-
olution and a reduced radiation dose when 
compared with dual-source CT.16 Contrast 
medium (CM) is required for all scans, and 
the CM dose is determined based on body 
weight. For imaging without coronary ar-
teries, the routine dose is 1.0 mL/kg of CM 
containing 300 mg of iodine per mL, and for 
imaging with coronary arteries, the dose is 
1.0–1.2 mL/kg of CM containing 350–370 
mg of iodine per mL.17

Cardiac computed tomography angiogra‑
phy and computed tomography angiogra‑
phy techniques

There are primarily two imaging tech-
niques: non-electrocardiogram (ECG)-trig-
gered and ECG-triggered imaging. Non-ECG-
triggered CTA is primarily used for evaluating 
non-cardiac structures, whereas ECG-trig-
gered imaging is primarily used for coronary 
artery imaging.15 ECG-triggered imaging 
has two modes: prospective and retrospec-
tive ECG-triggered imaging.14 Retrospective 
ECG-triggered imaging acquires data for 
the R–R interval of a complete cardiac cycle, 
thereby enabling multisegmental recon-
struction, improved temporal resolution, and 
assessment of left ventricular function. How-
ever, despite these advantages, it results in 
3–5 times the radiation exposure of prospec-
tive imaging.13 Additionally, it allows imaging 
at heart rates of up to 170 bpm. In prospec-
tive ECG-triggered imaging, high pitch val-
ues and dual-source devices enable imaging. 
This technique can also be referred to as the 
“step and shoot” technique. It is necessary for 
the heart rate to remain low, and more im-
portantly, stable.18,19 In this technique, the CT 
scanner is positioned during the R–R cycle 
of the heart, applying maximum tube cur-
rent only at end diastole in adults and early 
systole in children and completely stopping 
radiation during the remainder of the cardiac 
cycle, thereby reducing the dose.20 The use of 
a low tube current and the inability to visu-
alize all phases of the heart limit functional 
assessment.18 Table 1 presents the technical 
specifications and protocols of next-genera-
tion CT systems.16

Cardiac magnetic resonance imaging in 
congenital heart disease

In recent years, CMR has gained impor-
tance in the evaluation of complex malfor-
mations and the morphological and func-
tional assessment of CHDs.21 Due to the 
absence of ionizing radiation, it is ideal for 
long-term CHD follow-up. Moreover, it pro-
vides blood flow data, and detailed func-
tional assessment can be performed using 
cine images.18 CMR provides images that can 
serve as standard references for the accurate 
and reproducible quantification of right and 
left ventricular volumes, mass, and func-
tion.22 The steady-state free precession (SSFP) 
sequence is preferred in CMR examinations 
because it provides good contrast between 
blood and the myocardium. The 2D “white 
blood” SSFP sequence can provide dynamic 
information about the heart and large ves-
sels.23 The “black blood” spin echo sequences 

Main points

•	 The use of cardiac computed tomography 
(CT) and magnetic resonance imaging (MRI) 
in the diagnosis and postoperative fol-
low-up of congenital heart disease (CHD) is 
steadily increasing.

•	 Cardiac CT, with its high spatial and tem-
poral resolution, rapid acquisition, and re-
duced motion artifacts, plays a crucial role, 
particularly in newborns and in the evalua-
tion of complex vascular anomalies.

•	 Cardiac MRI, as a radiation-free modality, is 
advantageous for long-term follow-up and 
provides valuable functional information, 
including ventricular performance, flow 
quantification, shunt assessment, and myo-
cardial fibrosis detection.

•	 Both modalities complement the limitations 
of echocardiography and invasive angiogra-
phy, offering critical data for surgical plan-
ning and postoperative management.

•	 Ongoing technological advances have 
enabled lower radiation doses, shorter im-
aging times, and improved image quality, 
thereby contributing to the prognosis and 
long-term outcomes of pediatric and adult 
patients with CHD.
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obtained with the double inversion recovery 
technique provide static high-resolution im-
ages. Another advantage is the minimal pres-
ence of metallic artifacts in these sequences. 
Images obtained with the 3D isotropic SSFP 
sequence allow evaluation in different planes 
without loss of resolution.24 CMR is the pre-
ferred technique for assessing valvular insuf-
ficiency, with shunt quantification based on 
pulmonary-to-systemic flow ratios (Qp/Qs) 
achievable through flow measurements in 
the main pulmonary artery and aorta.25 Ad-
ditional advantages of CMR include compre-
hensive evaluation and grading of valvular 
dysfunction, accurate shunt quantification, 
detailed flow assessment, and non-invasive 
tissue characterization.26 Recent studies have 
demonstrated that advancements in 4D 
phase contrast velocity mapping yield novel 
insights into cardiovascular hemodynamics, 
which are of particular relevance for surgi-
cal reconstruction. This is especially crucial 
in patients with single-ventricle physiology 
undergoing cavopulmonary connection. 
Furthermore, 4D flow MRI has been estab-
lished as the non-invasive gold standard for 
postoperative follow-up of procedures such 
as the Fontan operation.27 For contrast-en-
hanced MR angiography (MRA), a breath-
hold 3D spoiled gradient echo sequence 
without ECG triggering is preferred.28 It is 
particularly useful in evaluating abnormal 
pulmonary or systemic venous return and 
aortic coarctation (CoA), as well as in post-
operative follow-up, and it correlates well 
with conventional angiography and CTA in 

identifying stenotic vascular structures.29 In 
cases where contrast is contraindicated, the 
3D SSFP sequence can be used. In delayed 
contrast studies, it enables the assessment 
of myocardial scarring and fibrosis, providing 
prognostic information for patients with ven-
tricular dysfunction or myocardial evaluation 
following surgical repair.30 Table 2 outlines 
the clinical scenarios in which specific CMR 
sequences should be applied.31 Recent stud-
ies have highlighted the value of T1, T2, and 
extracellular volume mapping and dark- or 
gray-blood late gadolinium enhancement 
techniques for tissue characterization and 
the detection of subendocardial scarring in 
CHD.32 Although CMR has become safer, it 
remains challenging in patients with metal-
lic implants and pacemakers. Therefore, all 
cardiac imaging modalities are complemen-
tary, and it is essential to understand their 
strengths and weaknesses to optimize the 
use of various imaging modalities (Table 3).2

Acyanotic heart defects: conditions and im‑
aging considerations

Atrial septal defect 

Atrial septal defects (ASDs) are the most 
common congenital heart defects detected 
in adults (Figure 1).33 There are three main 
types: secundum ASDs account for 75%, pri-
mum ASDs for 20%, and sinus venosus ASDs 
for 5%.34 Coronary sinus-type ASDs are the 
rarest. cCTA and CMR are useful for detecting 
associated abnormal pulmonary veins locat-
ed above the level of the azygos vein in the 

superior vena cava. The presence of an ASD 
causes left-to-right shunting, leading to atri-
al and ventricular enlargement on the right 
side. ASDs are also an independent risk fac-
tor for thromboembolic stroke. 

Ventricular septal defect 

Ventricular septal defects (VSDs) are a 
shunt that occurs between the right ventri-
cles (RVs) and left ventricles (LVs) through 
a defect in the ventricular septum (Figure 
2). VSDs are the most common type of CHD 
detected in newborns,35 and they can occur 
in isolation or with other anomalies. When 
associated with multiple anomalies, if the 
most notable hemodynamic abnormality is 
the shunt associated with the VSD, the VSD is 
considered the primary anomaly.36 VSD clas-
sifications are based on the location of the 
defect, and the most common type is the pe-
rimembranous type. Other types include the 
muscular, outlet, and inlet types. Both MRI 
and CT are useful in determining the location 
and type of a VSD.37 

Atrioventricular septal defect 

Atrioventricular septal defects (AVSDs) are 
also known as endocardial cushion defects 
or atrioventricular canal defects (Figure 3). 
These types of defects involve the atrial and 
ventricular septum, with one or both of the 
mitral and tricuspid valves.38 Clinical findings 
may present as complete defects (ASDs and 
VSDs) or partial defects (only ASDs).39 AVSDs 
result from the underdevelopment of the 
apical portion of the atrial septum, the basal 
portion of the ventricular septum, and the 
AV valves. In this defect, the four chambers 
of the heart are generally interconnected, 
allowing shunts to form from left to right or 
right to left. There is a strong association be-
tween AV canal defects and trisomy 21, with 
a risk of trisomy 21 being as much as 50% in 
fetuses with AV canal defects.40 Classification 
is based on complete and partial types. In the 
complete type, a posterior or inlet VSD is ac-
companied by a primum ASD and a common 
AV valve. In the partial type, a VSD is not pres-
ent, and there is a single AV valve annulus 
with two separate valve orifices.41 The most 
common partial form involves primum ASDs 
and a cleft in the anterior leaflet of the mitral 
valve.38 

Patent ductus arteriosus 

The ductus arteriosus (DA), a normal vas-
cular structure connecting the pulmonary 
artery and the aorta during fetal life, allows 
blood from the RV to pass into the aorta. The 
DA accounts for 41% of total cardiac output.42 

Table 1. Technical characteristics of new-generation computed tomography scanners and 
recommended parameters for contrast media injection

DSCT (2 × 192) PCCT (2 × 144)

Extracardiac structure Non-ECG gated Non-ECG gated

Intracardiac structure/coronary arteries ECG gated ECG gated

Spatial resolution (mm) 0.24 0.11

Temporal resolution (msec) 66 66

Gantry rotation time (sec) 0.25 0.25

Maximum scan speed (mm/sec) 737 737

Tube voltage (kVp) 70 90

Tube current (mA) Automatic modulation Automatic modulation

Pitch 3.0 3.0

Iterative reconstruction Available Available

Mean dose (mSv) 0.50 0.52

Contrast medium Iodine Iodine

Concentration 320–370 mg/mL 320–370 mg/mL

Dose 1–1.2 mL/kg 1–1.2 mL/kg

Injection rate 1.5–4 mL/second 1.5–4 mL/second

DSCT, dual-source computed tomography; PCCT, photon-counting computed tomography; kVp, kilovoltage peak; 
mA: milliampere; mSv, milisievert; ECG, electrocardiogram.
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Unlike other vascular structures, the media 
layer of the DA contains smooth muscle.43 Af-
ter birth, this smooth muscle contracts and 
thickens, thereby reducing the lumen size 
and causing the functional closure of the DA. 
Functional closure occurs in 44% of infants 
within 24 hours and in 88% within 48 hours. 
Failure of the DA to close postnatally results 
in patent DA (PDA) (Figure 4). The incidence 

of PDA in term infants ranges from 3 to 8 per 
10,000 live births and is more common in fe-
male infants.44 Prematurity is the most impor-
tant risk factor for PDA, and the risk of PDA in 
premature infants is generally more than 10 
times higher.45 Although both right and left 
PDA are possible, the most common type is 
left-sided PDA between the main pulmonary 
artery and the proximal descending aorta.46 

PDAs are classified into five types based on 
their angiographic appearance, as described 
by Krichenko et al.47 The hemodynamic out-
comes of PDA vary depending on the extent 
of the left-to-right shunt. In a small PDA, the 
pulmonary–systemic flow ratio (Qp/Qs) is 
<1.5, in a medium-sized PDA, it is <2.2, and in 
a large PDA, it is >2.2.48

Partial anomalous pulmonary venous 
drainage 

A defect in the normal embryonic de-
velopment of the pulmonary veins can 
lead to congenital anomalies ranging from 
partial anomalous pulmonary venous 
connection (PAPVC) to total anomalous 
pulmonary venous connection. Abnormal 
pulmonary venous variations can be seen 
in up to 38% of the population.49 The most 
common type is drainage of the right pul-
monary vein into the superior vena cava 
or right atrium (Figure 5).50 The anomaly 
may be associated with the presence of 
an associated ASD or may occur as part 
of a complex CHD. Associated congenital 
anomalies serve as the main determinants 
of morbidity and mortality in PAPVC.51 Cur-
rently, MDCT and MRA have replaced tra-
ditional imaging techniques and provide 
optimal evaluation capabilities. 

Aortic stenosis 

Left ventricular outflow tract obstructions 
account for 6% of CHD cases (Figure 6),26 

Table 2. Indications for the use of specific sequences in cardiac magnetic resonance imaging 

Sequence Indication

Cine bSSFP

RV/LV size, shape, and volume; atrial size and shape; ventricular function; mass and EF; 
LVOT/RVOT obstruction; assessment of pulmonary artery anatomy and pulsatility; aortic 
valve morphology; aortic anatomy; measurement of aortic root; ascending aorta and 
aortic arch 

Tagging Screen for fusion of pericardium and myocardium in constriction

Phase contrast flow
Pulmonary regurgitation, differential pulmonary blood flow, aortopulmonary collateral 
flow measurement, Qp/Qs measurement in the context of a suspected shunt, valve 
dysfunction

Black blood imaging (especially with metallic artifacts) Arterial or venous evaluation

Contrast-enhanced magnetic resonance angiography Indicated as part of first study: pulmonary artery and vein anatomy, extracardiac 
vascular anatomy

T1- or T2-weighted with post-gadolinium spin echo or cine SSFP Pericardial layer or fluid characterization

3D bSSFP imaging Intracardiac anatomy

4D flow imaging Assessment of pulmonary arterial pressures, wall shear stress, RV diastolic function

T2 imaging and/or mapping Myocardial edema

T1 mapping (native) Myocardial characterization

T1 mapping (post contrast) Myocardial characterization, extracellular volume

Early gadolinium enhancement Hyperemia

Late gadolinium enhancement Myocardial inflammation, fibrosis, fat

3D, three-dimensional; 4D, four-dimensional; EF, ejection fraction; LV, left ventricular; RV, right ventricular; bSSFP, balanced steady-state free precession; LVOT, left ventricular 
outflow tract; RVOT, right ventricular outflow tract; Qp/Qs, pulmonary–systemic flow ratio.

Table 3. Relative advantages of CMR and CT/CTA

CMR CT/CTA

Morphology ++++ ++

Function ++++ ++ (with ECG gated)

Extracardiac structure ++ ++++

Ventricular volumes ++++ ++

Flow quantification ++++ −

Myocardial perfusion ++++ ++

Myocardial viability ++++ ++

Intracardiac anatomy ++++ ++

Coronary artery evaluation + ++++

Radiation − ++++

Examination time ++++ +

Contrast allergy + ++

Emergency case ++ ++++

Real-time viewing ++++ −

Calcium imaging + ++++

Long-axis resolution + ++++

Trained radiologists + ++

CMR, cardiac magnetic resonance; CT, computed tomography; CTA, computed tomography angiography; ECG, 
electrocardiogram.
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with valvular aortic stenosis (AS) account-
ing for 70%.52 Valvular AS most commonly 
occurs secondary to a bicuspid aortic valve, 
and it may be accompanied by Turner syn-
drome. Critical neonatal AS is characterized 
by a myxomatous valve and an aortic valve 
opening as small as a needle tip. The aor-

tic valve is typically hypoplastic, and mitral 
valve hypoplasia, left ventricular hypoplasia, 
and VSDs frequently accompany it.40 Supra-
valvular AS is rarely seen, and Williams syn-
drome is present in 30%–50% of cases. The 
subvalvular type accounts for 10%–20% of 
cases. It causes narrowing due to a simple 

membrane or a fibromuscular structure re-
sembling a long tunnel in the left ventricu-
lar outflow tract. It is often associated with 
other left ventricular anomalies, including 
Shone complex.40 

Figure 1. Primum-type atrial septal defect (ASD; black star) in an axial computed tomography angiography (CTA) image (a), secundum-type ASD (black star) in a 
four-chamber cine cardiac magnetic resonance image (b), sinus venosus-type ASD (black star) in a coronal CTA image (c), and coronary sinus-type ASD (black star) 
in a coronal CTA image (d).

Figure 2. Axial computed tomography angiography images: (a) perimembranous-type (black star) and (b) muscular-type ventricular septal defects. 

a

a b

c

b

d



 

414 • July 2026 • Diagnostic and Interventional Radiology Koplay and Seher.

Figure 3. Axial computed tomography angiography images: complete-type (a) atrioventricular septal defect (AVSD; black star) [primum-type atrial septal defect 
(ASD)], membranous-type ventricular septal defect, single AV valve) and incomplete-type (b) AVSD (black star) [primum-type ASD and two separate valves (white 
stars)]. The interventricular septum (white arrow) is intact.

Figure 4. Type A patent ductus arteriosus (PDA; black arrow) in a three-dimensional (3D) volume rendered image (a), Type B PDA (black arrow) in a sagittal 
reformatted computed tomography angiography image (b), and Type E PDA (black arrow) in a 3D volume rendered image (c).

Figure 5. In the three-dimensional (3D) volume rendered cardiac computed tomography (CT) (a) image of a 25-year-old male patient, the left pulmonary veins 
(black arrows) and the right inferior pulmonary vein (white arrow) open into the left atrium, whereas in the coronal cardiac CT (b) and 3D volume rendered (c) 
images, the right upper pulmonary vein, formed by the union of two veins, opens into the superior vena cava (white arrows).
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Pulmonary stenosis 

Pulmonary stenosis (PS) accounts for 
8%–12% of CHDs,40 with valvular PS the 
most common type (Figure 7). The pulmo-
nary valve has thickened leaflets, and the 
commissures may be absent or fused. In 
most patients, the pulmonary valve appears 
dome shaped. Severe PS is associated with 
right ventricular and infundibular muscle 
hypertrophy.39 Critical PS is the most serious 
type of PS, resulting in inadequate pulmo-
nary blood flow, and is seen in 10%–20% of 
patients. Dysplastic pulmonary valve is as-
sociated with Noonan syndrome.53 Tricuspid 
atresia, tetralogy of Fallot (ToF), and trans-
position of the great arteries (TGA) may ac-
company PS. Alagille, Williams, and congen-

ital rubella syndromes are associated with 
peripheral-type PS.54 

Aortic coarctation 

CoA accounts for 5%–8% of CHDs (Figure 
8),55 and may occur in isolation or in associ-
ation with other cardiovascular anomalies, 
such as bicuspid aortic valve (50%–75%), aor-
tic arch hypoplasia, subaortic stenosis, mitral 
valve abnormalities, AVSDs, and PDAs.56 CoA 
is generally sporadic and may be accompa-
nied by extracardiac anomalies. Cerebral 
aneurysms are observed in 2.5%–10% of 
patients with CoA.57 Preductal CoA occurs 
proximal to the DA and is typically seen in 
newborns.58 Moreover, preductal CoA is the 
most common type of coarctation in Turner 

syndrome.59 Postductal coarctation, howev-
er, typically occurs after the neonatal period 
and is anatomically located distal to the in-
sertion of the DA. Patients with postductal 
coarctation are generally asymptomatic and 
are diagnosed based on decreased femoral 
artery pressure and systemic arterial hyper-
tension.56 

Interrupted aortic arch 

Interrupted aortic arch is a rare congenital 
anomaly, with an incidence of approximately 
2 in 100,000.60 It is characterized by the com-
plete absence of connection between the 
ascending and descending aorta and may be 
connected by a remnant fibrous band. Blood 
flow to the descending aorta is usually via a 

Figure 6. Axial (a) and sagittal reformatted (b) computed tomography angiography images of a 6-day-old female patient showing supravalvular diffuse aortic 
stenosis (white arrows).

Figure 7. In the axial cardiac computed tomography angiography image (a) of a 6-year-old girl, stenosis (black arrow) and poststenotic dilatation (star) at the 
pulmonary valve level are observed. In the three-dimensional volume rendered image (b), poststenotic dilatation is seen more clearly (white arrow).
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PDA. Interrupted aortic arch clinically resem-
bles CoA, but the underlying mechanisms are 
thought to be different.61 Interrupted aortic 
arch is classified into three types (A, B, and C) 
based on the location of the aortic interrup-
tion relative to the arch vessels. Type A occurs 
when the interruption is distal to the left sub-
clavian artery (Figure 9), type B when it is be-
tween the carotid and subclavian arteries, and 
type C when it is between the carotid arteries. 
Subtypes are classified based on the normal 
or abnormal origin of the right subclavian 
artery. In the normal origin of the right sub-
clavian artery (subtype 1), the aberrant right 
subclavian artery originates distally from the 
left subclavian artery (subtype 2), and the iso-
lated right subclavian artery originates from 

the right DA (subtype 3).62 Interrupted aortic 
arch is typically associated with a large VSD or 
PDA or, less commonly, with an aortopulmo-
nary window or truncus arteriosus (TA).61 

Cyanotic heart defects: conditions and im‑
aging considerations

ToF is the most common cyanotic CHD, 
occurring in approximately 1 in 3,600 live 
births.63 There are four anatomical features: 
a VSD, an overriding aorta, a pulmonary out-
flow tract obstruction, and right ventricular 
hypertrophy (Figure 10).64 Anterior deviation 
of the conal septum and infundibular hypo-
plasia cause pulmonary outlet obstruction. 
The primary problem in ToF is the inade-
quate development of the pulmonary infun-

dibulum,64 and the pulmonary valve is often 
abnormal. In patients with atresia, pulmo-
nary blood flow is maintained via a PDA. The 
VSD is typically located in the membranous 
septum. In the variant of ToF with absent 
pulmonary valve, RV and pulmonary arterial 
dilatation are observed. When ToF is accom-
panied by an ASD, it is named Fallot’s penta-
logy. The degree of pulmonary regurgitation 
plays a key role in ToF follow-up (Figure 11).65 
In particular, quantification of RV volumes 
and function using CMR is indispensable for 
treatment protocols.66 

Transposition of the great arteries 

TGAs refers to a condition in which the 
aorta originates from the RV and the main 

Figure 8. A 10-day-old male patient: sagittal computed tomography angiography image (a) showing a coarcted segment (white arrow) and patent ductus arteriosus 
at the level of the aortic isthmus (black arrow). In the three-dimensional volume rendered image (b), the coarcted segment can be clearly seen (white arrow).

Figure 9. A 19-year-old male patient diagnosed with interrupted aortic arch (Type A): the aortic arch is normal (black arrows) in the sagittal reformatted computed 
tomography angiography image (a) and three-dimensional volume rendered image (b), but an interruption is observed between the descending aorta (white 
arrows) and the left subclavian artery distal to it. Numerous collateral vascular structures draining into the descending aorta are observed (black stars).
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pulmonary artery originates from the LV 
(ventriculoarterial discordance).67 The most 
common form is known as complete transpo-
sition and is often referred to as dextro-TGA 
or d-loop TGA (Figure 12). Complete trans-

position is characterized by AV concordance 
(the LV is connected to the left atrium and the 
pulmonary artery, whereas the RV is connect-
ed to the right atrium and the aorta). Con-
genital corrected TGA, also known as l-loop 

or L-TGA, is characterized by AV discordance 
(the left atrium is morphologically connected 
to the RV, and the right atrium is morpholog-
ically connected to the LV).68 The incidence of 
TGA is 1 in 2,000 to 5,000 live births.63,69 TGAs 

Figure 10. Male patient diagnosed with 2-day-old tetralogy of Fallot: dextroposed aorta is observed in a coronal computed tomography angiography (CTA) image 
(a) (black arrow), pulmonary trunk hypoplasia (star) and notable stenosis in the left pulmonary artery root (black arrow) in an axial CTA image (b), perimembranous 
ventricular septal defect (black star) in an axial CTA image (c), and patent ductus arteriosus in a three-dimensional volume rendered image (d) (white arrow). 

Figure 11. Control cardiac magnetic resonance image of a 62-year-old male patient who underwent surgery for tetralogy of Fallot 40 years ago: phase contrast flow 
examination (a) showing notable insufficiency findings in the pulmonary valve. Calculations made from the pulmonary valve (b) show a 51% regurgitation fraction 
in the pulmonary valve.
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accounts for 5% to 7% of CHDs and 10% of all 
neonatal cyanotic CHDs.70 A VSD is the most 
common associated anomaly (50%), and an 
ASD and PDA may also be present. It is the 
cyanotic CHD that presents with the earliest 
findings in newborns. Thoracic CTA is a highly 
useful imaging modality for diagnosis, as it 
can be performed rapidly and provides eval-
uation of vascular structures and surrounding 
tissues. Moreover, CMR can be used preoper-
atively to measure LV mass, function, and vol-
ume and to assess associated anomalies.67 

Truncus arteriosus 

TA is a rare cyanotic CHD in which a single 
common trunk emerges from the heart in-
stead of the aorta and pulmonary artery.71 A 
VSD is always present, and the atria and ven-
tricles are usually normal.72 TA accounts for 
1% to 2% of CHDs,62 and is associated with 

DiGeorge syndrome. It is classified into sub-
types according to the Collet and Edwards 
classification. In Type I (50%–70%), the pul-
monary trunk arises from the common trunk 
and divides into the right and left pulmonary 
arteries (Figure 13). In Type II (30%–50%), the 
right and left pulmonary arteries arise sepa-
rately from the posterior portion of the com-
mon trunk. In Type III (6%–10%), the pulmo-
nary arteries arise from the lateral aspect of 
the common trunk.69 In Type IV, pulmonary 
atresia (PA) is present and may be accom-
panied by VSDs, PDA, and major aortopul-
monary collateral arteries (MAPCAs). In the 
revised classification by Van Praagh, Type IV 
is not considered a subtype of TA but rather a 
variant of PA.64 Patients are initially asympto-
matic due to high pulmonary vascular resist-
ance but begin to develop symptoms as pul-
monary vascular resistance decreases over 

several weeks.72 Cyanosis is typically minimal 
but increases as pulmonary artery stenosis 
becomes more pronounced.73 Preoperative 
CT or MRI is generally helpful in distinguish-
ing the branching of the pulmonary arteries 
and the presence of MAPCAs, pulmonary 
venous drainage, aortic arch anomalies, and 
complex anatomy in the newborn.74 

Double outlet right ventricle 

Double outlet RV (DORV) is a CHD in which 
both the aorta and the pulmonary trunk orig-
inate from the RV (Figure 14),75 and a VSD is 
always present. Classification is based on 
the relationship of the VSD to the great ves-
sels. The type associated with subaortic VSDs 
(50%) is the most common. The type associ-
ated with subpulmonary VSDs is also known 
as the Taussing–Bing anomaly. The type as-
sociated with bilateral VSDs and the type as-

Figure 12. Patient diagnosed with 1-day transposition of the great arteries: sagittal computed tomography angiography (CTA) image (a) showing the aorta 
originating from the right ventricle and anteriorly (white arrow) and the pulmonary artery originating from the left ventricle and posteriorly (black arrow); axial CTA 
image (b) showing a membranous-type ventricular septal defect (black star). In three-dimensional volume rendered images (c, d), the aorta originates from the 
right ventricle and anteriorly (black arrow), the pulmonary trunk originates from the left ventricle and posteriorly (white arrow), and there is a distinct patent ductus 
arteriosus (red arrow) between the aorta and pulmonary artery.
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Figure 13. A 3-day-old male patient diagnosed with truncus arteriosus Type I: the common trunk (white arrow), the pulmonary trunk branching from the trunk 
(black arrow), and both main pulmonary arteries are seen in the axial computed tomography angiography (CTA) image (a) (black stars). In the sagittal CTA image 
(b) and three-dimensional (3D) volume rendering image (c), the accompanying aortic coarctation is seen (white stars). In the 3D volume rendering image (d), the 
pulmonary trunk arising from the common trunk is clearer (white arrow).

Figure 14. Female patient diagnosed with 3-day double outlet right ventricle: sagittal computed tomography angiography (CTA) (a) and three-dimensional volume 
rendered (b) thoracic CTA images show the aorta (white arrows) and pulmonary trunk (black arrows) originating from the right ventricle and accompanying 
hypoplasia (black star) in the aorta.
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sociated with distally located VSDs are rare.76 
Ventricular function is important to monitor 
in patients with DORV, so CMR is particularly 
important.77

Tricuspid atresia 

Tricuspid atresia is a CHD characterized by 
agenesis or congenital absence of the tricus-
pid valve.73 It accounts for 1.4% of patients 
with CHD, is the third most common type 
of cyanotic CHD (Figure 15), and is the most 
common cause of cyanosis and left ventricu-
lar hypertrophy.78 It is often associated with 
right ventricular hypoplasia and VSDs, and 
pulmonary blood flow is shunted via the DA. 
Tricuspid atresia classification is subdivided 
into subtypes based on PS and the position 
of the great arteries. In Type 1, the great ar-
teries are normal (the most common type); in 
Type 2, ToF is present; and in Type 3, complex 
anomalies such as TA or AVSD accompany 
ToF or malposition.72

Ebstein anomaly 

Ebstein anomaly (EA) is a malformation 
of the tricuspid valve (Figure 16). The septal 
and posterior leaflets of the dysplastic tri-
cuspid valve extend toward the RV and are 
usually associated with tricuspid regurgi-
tation.79 EA is rare, with a prevalence of 5.2 
per 100,000 births. It accounts for 1% of CHD 
but is consequential because it constitutes 
approximately 40% of congenital tricuspid 
valve malformations.66,80 The severity of the 
condition depends on the extent to which 
the RV is filled by the enlarged right atrium, 
a condition known as RV atrialization.73 There 
are four types, classified from A to D, based 
on the degree of RV atrialization. A patent fo-
ramen ovale (PFO) or ostium secundum ASD 
is always present.79 As a result, pressure in the 
right atrium increases, leading to a right-to-
left shunt. 

Total anomalous pulmonary venous con‑
nection

Total anomalous pulmonary venous con-
nection is characterized by abnormal drain-
age of the pulmonary veins into the systemic 
circulation.81 It is a rare cardiac malformation 
occurring in approximately 7 per 100,000 
live births.82 Typically, the pulmonary veins 
drain into the left brachiocephalic vein (most 
common) (Figure 17), the superior or inferi-
or vena cava, the coronary sinus, the portal 
vein, or, rarely, into other systemic veins. Less 
commonly, the pulmonary veins drain direct-
ly into the right atrium,83 resulting in a left-to-
right shunt. This condition is classified based 
on the location where the abnormal venous 

connection occurs relative to the heart. The 
supracardiac type accounts for 50%, the car-
diac type for 20%, and the infracardiac type 
for 20%.81 The mixed type is observed in 10% 
of cases. Physiologically, it can be character-
ized as obstructive or non-obstructive based 
on the condition of the pulmonary venous 
flow. Obstruction is commonly seen in the 
infracardiac type.84 

Hypoplastic left heart syndrome 

Hypoplastic left heart syndrome (HLHS) is 
a broad spectrum of anomalies characterized 
by hypoplasia of the left-sided structures of 
the heart, including the aorta, mitral valve, 

LV, aortic root, and ascending aorta.85 The left 
atrium is typically small but may be normal or 
enlarged in size (Figure 18). By contrast, the 
right heart structures are markedly enlarged. 
The PFO and PDA are critical to the systemic 
circulation. Despite a prevalence of 1 in 5,000 
live births, HLHS accounts for 7% to 9% of all 
CHDs diagnosed before the age of 1 year.73 Ad-
ditionally, it is the fourth most common CHD 
presenting in the first year of life. It may be 
associated with syndromes such as Noonan, 
Holt–Oram, Turner, or Smith–Lemli–Oplitz 
syndromes.86 CT is preferred preoperatively to 
detect anomalies such as CoA and VSD, which 
may accompany HLHS. CMR is an extremely 

Figure 15. Tricuspid valve atresia (white arrow) and accompanying right ventricular hypoplasia (black arrow) 
in a 5-day-old girl with a diagnosis of tricuspid atresia.

Figure 16. In the cardiac magnetic resonance examination performed on a 26-year-old female patient, a 
distinct extension of the tricuspid valve cusps toward the right ventricle was observed and a diagnosis of 
Ebstein anomaly was made (black arrows).
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important imaging modality for detecting 
pathologies such as endocardial fibroelastosis 
that may accompany HLHS, for quantitative 
measurement of ventricular volumes pre- and 
postoperatively, for functional assessment of 
the aortic and mitral valves, and, particularly, 
for detecting fibrosis, which may develop in 
the ventricles during postoperative follow-up.

Pulmonary atresia with intact ventricular 
septum 

PA with intact ventricular septum (PA–
IVS) is characterized by the absence of com-
munication between the RV and LV and the 
presence of PA (Figure 19).87 Moreover, the 
RV is hypoplastic to varying degrees. This 
condition is rare, occurring in 5 per 100,000 
live births and accounting for 1% to 3% of 
CHDs.88 Another important feature of PA–IVS 
is that it may be associated with other cardi-
ac anomalies; PFO, coronary arteriovenous 

fistulas (10%–50%), and tricuspid insuffi-
ciency secondary to RV dilatation, as well as 
MAPCAs, which provide pulmonary vascular-
ization, may be present.88 CT is an extreme-
ly successful technique for identifying any 
additional pathologies, fistulas, or collateral 
vascular structures that may be present.89 
CMR is vital in the postoperative period for 
evaluating pulmonary valve and RV function 
and monitoring the presence of fibrosis.90 

Single ventricle 

The primary definition of single ventri-
cle is the presence of a single ventricle into 
which both atria drain and the systemic and 
pulmonary circulation provided by this ven-
tricle; it is a CHD (Figure 20).91 Depending on 
the ventricular morphology, it is referred to 
as double-inlet LV, double-inlet RV, or, when 
differentiation is not possible, primitive ven-
tricle.92 The incidence of the LV type is 5–10 

per 100,000 live births, making it the most 
common functional single ventricle defect.93 
Associated conditions include TGA (70%, typ-
ically L-type), subvalvular PS or atresia (66%), 
subaortic obstruction, and CoA.72 CT and MRI 
are superior to echocardiography in evalu-
ating extracardiac vascular structures, iden-
tifying associated anomalies, and assessing 
complex anatomical relationships. CMR has 
a distinct role in evaluating postoperative 
valve and ventricular function.94,95 

In conclusion, CHDs represent a wide 
spectrum, and accurate diagnosis is vital. 
This is because treatment plans are specific 
to the patient’s diagnosis. Advances in car-
diac imaging in recent years have been in-
strumental in reducing morbidity rates and 
increasing life expectancy in individuals with 
CHD. In the evaluation of imaging methods, 
radiography is non-specific but can assist in 
determining heart size and pulmonary vas-

Figure 17. Coronal reformatted computed tomography angiography (a) and three-dimensional volume rendered image (b) of a 3-day-old male patient showing 
the pulmonary veins (black stars) opening into the left brachiocephalic vein (white arrows) via a vertical venous connection (black arrows).

Figure 18. Axial computed tomography angiography (a,b) images of a 2-day-old female patient showing left ventricular hypoplasia (black arrow), aortic hypoplasia 
(white arrows), and accompanying pulmonary artery enlargement (black star).
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cularity, whereas echocardiography is user 
dependent and has a limited role in evalu-
ating extracardiac structures. Advances in 
imaging have led to an increasing role for 
CT and MRI in addition to cardiac evaluation, 
including the visualization of extracardiac 
vascular structures and postoperative fol-
low-up. This has substantially reduced the 
role of invasive cardiac catheterization in the 
diagnosis of CHD. Ongoing technological 
innovations have led to non-invasive mo-
dalities with improved image quality, lower 
ionizing radiation and contrast doses, and 
reduced imaging time, thereby decreasing 
the need for anesthesia. Diverse modalities 
for detecting cyanotic CHD, along with on-
going advances in surgical procedures, will 
result in more patients with CHD surviving 

into adulthood in the future. Therefore, the 
role of CT and MRI will continue to expand. 
The appropriate selection of imaging meth-
ods is guided by the clinical context and the 
relative strengths of various imaging modali-
ties. CT is preferred for the initial assessment 
of large vessel anatomy in newborns, espe-
cially when functional information is not im-
portant. CMR is critical for the preoperative 
and postoperative assessment of ventricular 
and valve function, measurement of flow pa-
rameters in existing shunts, and detection of 
myocardial fibrosis. With this approach, the 
proper use of imaging modalities provides 
the detailed anatomy and post-surgical fol-
low-up of the patient that are important for 
surgical planning. 
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The imaging spectrum of myocardial infarction and its associated 
complications: a contemporary pictorial review of computed 
tomography and magnetic resonance imaging

ABSTRACT
Myocardial infarction (MI) is a leading cause of morbidity and mortality worldwide. Although 
rapid diagnosis and reperfusion in the acute setting rely primarily on clinical assessment, electro-
cardiography, echocardiography, and invasive coronary angiography, advanced cardiac imaging 
plays an essential role beyond the hyperacute phase. Cardiac computed tomography (CCT) and 
cardiac magnetic resonance (CMR) imaging provide complementary information that extends 
from coronary anatomy to myocardial tissue characterization and functional assessment. CMR 
imaging enables the comprehensive, multiparametric evaluation of MI, including left ventricular 
function, myocardial edema and area at risk, infarct size and transmural extent, microvascular 
obstruction, intramyocardial hemorrhage, myocardial viability, and ischemia using cine imaging, 
T1/T2 and T2* mapping, perfusion imaging, and late gadolinium enhancement. These features 
support an accurate differentiation between acute and chronic infarction, an assessment of 
myocardial salvage, and prognostic stratification. CCT offers a rapid, non-invasive assessment of 
coronary artery stenosis and plaque characteristics and has expanded to include an evaluation 
of ventricular function, myocardial perfusion, and delayed-enhancement patterns. When com-
bined with CT-derived fractional flow reserve or myocardial perfusion imaging, CT allows for an 
integrated anatomic and functional assessment of the myocardium, particularly for non-culprit 
lesions, following MI. Myocardial delayed-enhancement CT can visualize the infarcted myocardi-
um and microvascular injury in select patients, though it remains complementary to magnetic 
resonance imaging. This pictorial essay illustrates the imaging spectrum of MI and its major me-
chanical and thromboembolic complications, including ventricular rupture, septal defects, pap-
illary muscle rupture, aneurysm formation, left ventricular thrombi, and pericardial disease. By 
highlighting the strengths and limitations of CCT and CMR and providing practical guidance for 
modality selection, this article aims to support informed clinical decision-making in the contem-
porary management of patients with MI.

KEYWORDS
 

Myocardial infarction, magnetic resonance imaging, computed tomography, delayed enhance-
ment, viability, mapping, microvascular obstruction

Myocardial infarction (MI) is a leading cause of morbidity and mortality worldwide.1 
Although rapid reperfusion strategies rely primarily on clinical assessment, elec-
trocardiography (ECG), echocardiography, and invasive coronary angiography, ad-

vanced cardiac imaging plays a pivotal role beyond the hyperacute phase. In particular, car-
diac magnetic resonance (CMR) imaging and cardiac computed tomography (CCT) provide 
complementary anatomical, functional, and tissue-level information that informs prognosis, 
risk stratification, and management after MI. CMR imaging is the reference standard for myo-
cardial tissue characterization, allowing for a multiparametric evaluation of ventricular func-
tion, infarct size, myocardial edema, microvascular injury, intramyocardial hemorrhage, and 
myocardial viability. CCT, which has traditionally focused on coronary anatomy, has evolved 
to enable functional assessment using CT-derived fractional flow reserve CT myocardial per-
fusion imaging (CT-MPI), and myocardial delayed-enhancement CT (MDE-CT).2,3 Recent ad-
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vances incorporating artificial intelligence 
(AI)-based noise suppression and automated 
infarct segmentation have further expanded 
the capabilities of CT while reducing radia-
tion exposure.4 This pictorial essay reviews 
the imaging spectrum of MI and its compli-
cations, emphasizing quantitative biomark-
ers, modality-specific strengths and limita-
tions, and practical guidance for selecting 
CCT, CMR imaging, or echocardiography in 
common clinical scenarios.

Overview of myocardial infarction 

MI is commonly classified according to 
the extent of myocardial involvement as ei-
ther transmural or subendocardial infarction 
and by its electrocardiographic presentation 
as either ST-segment elevation MI (STEMI) 
or non-STEMI.5 In the setting of prolonged 
but incomplete ischemia, the myocardium 
may exhibit reversible contractile dysfunc-
tion despite the preservation of myocardial 
viability, retaining the potential for function-
al recovery after reperfusion. Accordingly, 
timely revascularization is critical to limiting 
irreversible myocardial injury, preserving via-
ble myocardial tissue, and improving clinical 
outcomes.6

Cardiac magnetic resonance imaging

Multiparametric cardiac magnetic reso‑
nance imaging protocols

CMR imaging enables a comprehensive 
evaluation of MI through a multiparamet-
ric approach. Standard protocols integrate 
cine imaging to assess global and regional 
left ventricular (LV) function; T2-weighted 
imaging (T2WI) and T2 mapping for myo-
cardial edema and area at risk (AAR); native 
T1 mapping and extracellular volume (ECV) 
quantification for diffuse myocardial injury; 
first-pass perfusion imaging for microvascu-
lar integrity; late gadolinium enhancement 

(LGE) for infarct size, transmural extent, and 
microvascular obstruction (MVO); and T2* 
mapping for intramyocardial hemorrhage 
(IMH). This integrated examination allows for 
the simultaneous assessment of myocardial 
injury and salvage and prognostic markers in 
a single session (Figure 1).7

Quantitative cardiac magnetic resonance 
imaging biomarkers and prognostic impli‑
cations

Quantitative CMR imaging biomarkers 
provide clinically relevant prognostic infor-
mation beyond a visual assessment. Elevated 
native T1 values (e.g., > 1,250 ms at 1.5 T) and 
an increased ECV (> 30%) have been associ-
ated with adverse LV remodeling. MVO, visu-
alized as a non-enhancing region within the 
infarcted myocardium, is a strong predictor 
of poor outcome, with an MVO burden ex-
ceeding approximately 1.4% of the LV mass 
linked to an increased risk of heart failure and 
major adverse cardiovascular events (MACE) 
(Figure 2). Moreover, T2* values below 20 ms 
indicate an IMH and are associated with un-
favorable remodeling (Figure 3).8-10 Texture 
analysis and radiomics applied to LGE and 
mapping images have shown promise for 
predicting LV remodeling and MACE, though 
these techniques remain investigational.11

Main points

•	 Myocardial infarction (MI) remains a leading 
cause of morbidity and mortality world-
wide.

•	 Cardiac magnetic resonance (CMR) imaging 
enables a detailed evaluation of ventricular 
function, myocardial viability, area at risk, 
microvascular obstruction, and intramyo-
cardial hemorrhage through multiparamet-
ric imaging.

•	 Cardiac computed tomography (CCT) al-
lows a rapid, non-invasive assessment of 
coronary stenosis, myocardial damage, and 
post-MI complications, aiding prompt clini-
cal decisions.

•	 Together, CCT and CMR imaging play com-
plementary roles in comprehensive MI eval-
uation, guiding risk stratification and per-
sonalized management.

Figure 1. Schematic of the cardiac magnetic resonance protocol workflow in a 65-year-old man with reperfused STEMI. (a): Two-chamber b-SSFP cine images at 
end diastole (upper) and end systole (lower) demonstrate hypokinesia of the mid-anterior left ventricular (LV) segment (arrow). (b): T2-weighted STIR image shows 
transmural high signal intensity consistent with infarct-related myocardial edema in mid-anterior, anteroseptal, and anterolateral LV segments (arrows). (c, d): Native 
T1 (c, upper) and T2 (d, lower) mapping images demonstrate elevated T1 (1,590–1,620 ms) and T2 (62–71 ms) values in the same LV segments (arrows). (e): First-pass 
perfusion image using TurboFLASH shows transmural perfusion defects in mid-anterior and anterolateral LV segments (arrows). (f): Quantitative assessment of 
global LV function on short-axis b-SSFP cine images shows normal LV end-diastolic and end-systolic volumes (101 and 40.6 mL) and a preserved LV ejection fraction 
of 59.8%. Regional hypokinesia is noted in the mid-anterior and anterolateral segments on the systolic short-axis image (arrows). (g): Late gadolinium enhancement 
image with PSIR demonstrates transmural delayed enhancement in LAD and LCX territories (arrows). (h): Post-contrast T1 mapping image shows reduced T1 values 
(325–360 ms) in the same LV segments as on native T1 mapping (arrows). STEMI, ST-segment elevation myocardial infarction; b-SSFP, balanced steady state-free 
precession; ECV, extracellular volume; STIR, short tau inversion recovery; FLASH, fast low-angle shot; PSIR, phase-sensitive inversion recovery; LAD, left anterior 
descending coronary artery; LCX, left circumflex coronary artery.
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Myocardial viability, ischemia, and stress 
cardiac magnetic resonance imaging

LGE-CMR imaging remains the reference 
standard for the assessment of myocardial vi-
ability. Segments with < 25% of LGE involve-
ment demonstrate a high likelihood of func-
tional recovery, whereas those with > 75% 
involvement rarely recover.12 Stress CMR im-

aging, and particularly adenosine stress per-
fusion imaging, enables a robust functional 
assessment of myocardial ischemia and may 
be useful for evaluating residual ischemia 
and non-culprit lesions after MI,13 and T2 
mapping and T2WI help differentiate acute 
from chronic MI by depicting infarct-related 
myocardial edema (Figure 4).

Area at risk and myocardial salvage

A primary goal in MI management is to 
limit infarct size and preserve the AAR. In 
acute MI, T2WI displays myocardial edema 
that typically extends beyond the infarct 
core identified on LGE, with the difference 
representing salvageable myocardium (Fig-
ure 5). Furthermore, T1 and T2 mapping en-

Figure 2. Evaluation of MVO in a 49-year-old man with reperfused STEMI using various CMR imaging techniques (a): Short-axis T2-weighted STIR image shows 
transmural high signal intensity (arrows) and transmural dark signal intensity (arrowhead) in the mid-inferolateral LV segment. (b): Short-axis first-pass perfusion 
image shows a transmural perfusion defect (arrowheads) in the mid-inferolateral LV segment. (c, d): Short-axis T1 (c) and T2 mapping (d) images show elevated 
T1 (1,379–1,435 ms) and T2 (46–54 ms) values along the infarct border (arrows) and shortened T1 (1,093–1,127 ms, c) and T2 values (27–33 ms, d) in the infarct 
core (arrowheads). (e): Short-axis LGE image shows transmural inferolateral infarction (arrows) with MVO in the infarct core (arrowhead). CMR, cardiac magnetic 
resonance; MVO, microvascular occlusion; STEMI, ST-segment elevation myocardial infarction; LV, left ventricular; LGE, late gadolinium enhancement; STIR, short 
tau inversion recovery.

a b c

d e

Figure 3. Intramyocardial hemorrhage in a 56-year-old man with acute MI. (a): Short-axis LGE image shows mid-anterior and anteroseptal infarction (arrows) with 
MVO in the infarct core (arrowheads). (b): Short-axis T2 mapping image shows lower T2 values (38–42 ms) in the mid-anteroseptal and anterior LV wall (arrows) 
than in the remote myocardium (50–58 ms). (c): Short-axis T2* mapping image shows a shorter T2* time (< 20 ms) in the infarct core (arrowheads), indicating IMH. 
Photographs courtesy of Jung Im Jung, MD, Department of Radiology, Seoul St. Mary’s Hospital, College of Medicine, The Catholic University of Korea. MI, myocardial 
infarction; IMH, intramyocardial hemorrhage; LGE, late gadolinium enhancement; MVO, microvascular occlusion; LV, left ventricular. 
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able quantitative assessment of the AAR and 
myocardial salvage, thus reducing observer 
dependency and improving reproducibility. 
A greater myocardial salvage index has been 
associated with favorable LV remodeling and 
functional recovery, highlighting the clinical 
relevance of mapping-based assessment in 
post-infarction risk stratification and thera-
peutic decision making.7,12

Differentiation between microvascular ob‑
struction, intramyocardial hemorrhage, 
and myocardial dissecting hematoma

CMR imaging plays a critical role in dif-
ferentiating between MVO, IMH, and myo-
cardial dissecting hematomas, and accurate 
distinction between them directly influ-
ences their management. MVO appears as 
a non-enhancing area within the hyperen-
hanced, infarcted myocardium on LGE and 
is best delineated on first-pass perfusion 
imaging. IMH typically co-localizes with MVO 
and is characterized by shortened T2* values 
(< 20 ms) resulting from hemosiderin depo-
sition (Figures 2 and 3).7 By contrast, a myo-

cardial dissecting hematoma presents as an 
intramyocardial cavity with variable signal 
intensity, a preserved epicardial contour, and 
a lack of typical infarct-related enhancement, 
allowing for its differentiation from reperfu-
sion-related injury and thus guiding appro-
priate clinical management.14

Cardiac computed tomography

Coronary CT angiography (CCTA) allows 
for a rapid, non-invasive evaluation of cor-
onary stenosis and plaque morphology, in-
cluding high-risk features associated with 
acute coronary syndromes (Figure 6). When 
integrated with CCTA, CT-MPI enables com-
bined anatomic and functional assessment 
and may be useful for evaluating residual 
ischemia and non-culprit lesions after MI 
treated with percutaneous coronary inter-
vention.15 Dynamic stress and rest CT-MPI ex-
aminations enable a quantitative assessment 
of myocardial blood flow and coronary flow 
reserve, with reduced coronary flow reserve 
values (typically < 2.0) commonly used as a 
marker of myocardial ischemia (Figure 7).16 

MDE-CT visualizes the infarcted myocardium 
as delayed iodine enhancement and may 
identify non-enhancing regions consistent 
with MVO. Compared with LGE-CMR, MDE-
CT has inherent limitations, including a low-
er contrast-to-noise ratio, greater radiation 
exposure, a lack of standardized acquisition 
protocols, and limited availability. Accord-
ingly, MDE-CT should be regarded as a com-
plementary and largely investigational tech-
nique that is primarily considered when CMR 
imaging is contraindicated or when a CT scan 
is already being performed for coronary as-
sessment (Figure 8). An MDE-CT image is typ-
ically acquired 5–10 minutes after contrast 
administration using low-kV, ECG-triggered 
delayed scanning with or without a minimal, 
additional contrast injection.17 Recent tech-
nical advances, including dual-energy iodine 
mapping and iterative reconstruction, have 
improved contrast and image quality. In ad-
dition, AI-based deep learning denoising 
enables automated infarct segmentation, 
enhances the visualization capabilities of 
MDE, and may facilitate an acceptable image 
quality at lower radiation doses (Figure 9).18 

Figure 4. Difference in CMR imaging findings between acute and chronic MI. (a, b): Short-axis T2-weighted STIR (a) and LGE (b) images show transmural high 
signal intensity (a) and delayed enhancement (b) in the mid-inferior and inferoseptal LV segments without myocardial thinning (arrows), consistent with acute MI. 
(c, d): Short-axis T2-weighted STIR (c) and LGE (d) images show a normal T2 signal with myocardial thinning (c) and transmural delayed enhancement (d) in the mid-
anterior LV segment (arrows), consistent with chronic MI. Although T2-weighted STIR alone cannot reliably distinguish acute from chronic MI, the combination of 
LGE and T2-weighted STIR enables the identification of infarct-related myocardial edema indicative of acute MI. CMR, cardiac magnetic resonance; MI, myocardial 
infarction; LV, left ventricular; LGE, late gadolinium enhancement; STIR, short tau inversion recovery.

a b c d

Figure 5. Evaluation of myocardial salvage in a 62-year-old man with reperfused STEMI using T2-weighted STIR and LGE. (a, b): Short-axis T2-weighted STIR (a) 
and LGE (b) images show transmural high signal intensity (red circle, a) and delayed enhancement (blue circle, b) in the mid-inferior and inferoseptal LV segments. 
Myocardial salvage is defined as the hyperintense area on T2-weighted STIR minus infarct size on LGE. (c, d): The region of elevated T1 values (1,479–1,535 ms; black 
circle, (c) corresponds to the T2-weighted STIR hyperintense area (a) and is larger than the regions of elevated T2 values (50–56 ms; black circle, d) and LGE (b). STEMI, 
ST-segment elevation myocardial infarction; LV, left ventricular; LGE, late gadolinium enhancement; STIR, short tau inversion recovery.
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Figure 6. Analysis of vulnerable atherosclerotic plaques using coronary computed tomography angiography. High-risk (vulnerable) plaque features are classified as 
(a) positive remodeling (arrow); (b) positive remodeling with low-attenuation plaque (arrowhead); and (c) positive remodeling with spotty calcification (arrow) and 
low-attenuation plaque with a napkin-ring sign (non-calcified plaque with an enhancing ring, arrowhead).

a b c

Figure 7. Dynamic CT-MPI to assess the hemodynamic significance of non-infarct-related arteries in reperfused STEMI. (a–c): Invasive coronary angiography shows 
complete thrombotic occlusion of the proximal RCA (a, arrow), successfully treated with PCI (b). A non-culprit lesion with approximately 70% luminal narrowing is 
noted in the proximal LAD (c, arrow). (d): Curved MPR CCTA image shows significant (> 70%) stenosis with non-calcified plaque in the proximal LAD (arrow). (e, f): 
Dynamic stress (e) and rest (f) CT-MPI shows more pronounced perfusion defects during stress than at rest in the mid-inferior and inferoseptal LV segments (arrows), 
with no perfusion defects in the LAD territory. (g): Myocardial delayed-enhancement short-axis MPR CT image demonstrates transmural delayed enhancement 
(arrows) with subendocardial non-enhancing areas consistent with MVO (arrowheads) in the RCA territory, indicating acute transmural MI. (h–j): Polar maps of 
dynamic stress (h) and rest (i) CT-MPI examinations and CFR (j). Per-segment CFRCT is calculated as the ratio of hyperemic MBFCT to resting MBFCT. A CFRCT image 
of the anteroseptal LV wall is reduced (< 1.4) compared with the lateral LV wall (> 2.0). Using the optimal CFRCT cut-off value of 2.0, ischemia is seen in the LAD 
territory. Invasive FFR was 0.75 in the proximal LAD. Staged physiology-guided PCI was performed on the proximal LAD, and the FFR was increased to 0.91 (not 
shown). CT, computed tomography; MPI, myocardial perfusion imaging; STEMI, ST-segment elevation myocardial infarction; MPR, multiplanar reformation; LV, left 
ventricular; CCTA, coronary CT angiography; RCA, right coronary artery; LAD, left anterior descending coronary artery; PCI, percutaneous coronary intervention; 
MVO, microvascular obstruction; CFR, coronary flow reserve; MBF, myocardial blood flow; FFR, fractional flow reserve.
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Figure 8. Comprehensive coronary CT angiography assessment of acute MI in a 62-year-old man with NSTEMI. (a): Curved multiplanar reformation image of the 
RCA shows mixed calcified and non-calcified plaques with positive remodeling in the distal RCA (arrow). (b, c): Cross-sectional images demonstrate very low-
attenuation non-calcified plaque (mean attenuation: 2 ± 34 HU, arrowheads) adjacent to calcified plaque (arrow) and contrast-enhanced lumen (long, thin arrow) 
(b). In acute MI, this finding suggests high-risk plaque with a possible superimposed thrombus, though CT-based differentiation is limited. Quantitative plaque 
analysis software (c) depicts soft (red), fibrous (blue), and calcified (yellow) plaque components. (d, e): Early- and delayed-phase short-axis CT images show no 
early hypoenhancement (d), but delayed transmural hyperenhancement (arrows) in the basal lateral LV and subendocardial hyperenhancement (arrowheads) in 
the inferior LV segments (e) are visible, consistent with acute MI. (f): Delayed-enhancement CMR image confirms corresponding myocardial enhancement patterns 
(arrows). (g): Invasive coronary angiography shows 80% stenosis in the distal RCA (arrow) and 50% stenosis in the mid-RCA (arrowhead), with a hyperdominant RCA 
supplying the lateral LV wall. NSTEMI, non-ST-segment elevation myocardial infarction; CT, computed tomography; RCA, right coronary artery; LV, left ventricular; 
CMR, cardiac magnetic resonance; HU, Hounsfield unit.
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Figure 9. Short-axis MDE-CT images of a 64-year-old man with reperfused STEMI. (a): Short-axis LGE-CMR image demonstrates transmural delayed enhancement 
(arrows) with central non-enhancing areas consistent with MVO (arrowheads) involving the mid-anterior, anterolateral, anteroseptal, and inferoseptal LV segments. 
(b, c): Artificial intelligence-based, contrast-enhanced, and denoised CT image (b) shows reduced image noise and improved visualization of transmural delayed 
enhancement (arrows) and non-enhancing regions consistent with MVO (arrowheads) compared with the standard CT image (c). MDE, myocardial delayed 
enhancement; CT, computed tomography; STEMI, ST-segment elevation myocardial infarction; CMR, cardiac magnetic resonance; LV, left ventricular; LGE, late 
gadolinium enhancement; MVO, microvascular obstruction; AI, artificial intelligence.
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Despite these advances, further external val-
idation and protocol standardization are re-
quired before broader clinical adoption can 
proceed.

Imaging of post-myocardial infarction 
complications

A variety of mechanical and thromboem-
bolic complications may occur after MI, par-
ticularly with delayed or inadequate reperfu-
sion, and are associated with hemodynamic 
instability and adverse outcomes.19,20

Free wall rupture is a catastrophic com-
plication of STEMI. CCT enables rapid assess-
ment, displaying hemopericardium, peri-
cardial effusion, and rupture tracts, whereas 
LGE-CMR confirms myocardial discontinuity, 
irregular margins, and associated thrombi, 
facilitating prompt diagnosis and manage-
ment (Figure 10).

Ventricular septal rupture is an uncom-
mon but life-threatening complication of MI. 
CCT provides the rapid, non-invasive detec-
tion of septal defects, whereas CMR imaging 
offers a detailed evaluation of defect size and 
location and surrounding myocardial integ-
rity, which is essential for surgical planning 
and prognostic assessment (Figure 11).

Papillary muscle rupture results in acute, 
severe mitral regurgitation. Echocardiogra-
phy remains the first-line modality for hemo-
dynamic assessment, whereas CCT and CMR 
imaging allow for the visualization of papil-
lary muscle integrity and global LV function. 
In chronic mitral regurgitation, CMR imaging 
enables an accurate quantification of regur-
gitant volume and an assessment of myo-
cardial fibrosis using LGE and T1 mapping 
(Figure 12).

Differentiation between a true aneurysm 
and a pseudoaneurysm relies heavily on 
imaging. CCT and CMR imaging assess wall 
continuity, neck morphology, thrombus for-
mation, and pericardial involvement, which 
are critical for guiding management deci-
sions (Figures 13 and 14).

LV thrombi are a common post-MI com-
plication. On LGE-CMR, a thrombus appears 
as a non-enhanced filling defect, with long 
inversion time imaging improving thrombus 
conspicuity by suppressing myocardial and 
blood pool signals. Cine imaging allows for 
the assessment of thrombus mobility, which 
aids risk stratification and anticoagulation 
planning (Figure 13). 

Pericardial complications, including peri-
carditis and effusion, are readily evaluated 
with CCT for anatomic assessment. CMR im-
aging enables characterization of pericardial 
inflammation and enhancement. Fat-sup-
pressed LGE imaging improves visualization 
of pericardial inflammation by suppressing 
the adjacent epicardial fat signal, thereby 
facilitating differentiation between simple 
effusion and inflammatory pericarditis (Fig-
ure 15).

Heart failure represents a major long-term 
consequence of MI. CMR imaging enables a 
comprehensive evaluation of ventricular 
function, valvular mechanics, and myocardial 
tissue characteristics to support longitudinal 
assessment and management.

Clinical integration and modality selection

Rather than competing modalities, CCT, 
CMR imaging, and echocardiography pro-
vide synergistic information.14,16,19,20 Modality 
selection should be guided by the clinical 

question at hand, patient stability, contra-
indications, and local expertise. A practical 
clinical algorithm summarizing modality 
choice is provided in Table 1.

Ethics and consent

This pictorial essay was conducted in ac-
cordance with institutional ethics standards. 
Formal institutional review board approval 
and informed consent were waived owing to 
the essay’s retrospective use of anonymized 
data.

This pictorial essay does not provide 
pooled diagnostic accuracy metrics, and 
quantitative thresholds may vary by scan-
ner, field strength, and post-processing pro-
cedures. Advanced CT techniques, such as 
MDE-CT and CT-MPI, and emerging AI-based 
and radiomics approaches are not yet wide-
ly standardized—a circumstance that could 
potentially limit the generalizability of this 
essay’s conclusions. Therefore, this article fo-
cuses on established and clinically applicable 
imaging findings.

CCT and CMR imaging provide comple-
mentary information in the evaluation of 
MI beyond the acute phase. CMR imaging 
enables detailed tissue characterization, via-
bility assessment, and evaluation of post-in-
farction complications. CCT allows for rapid 
coronary assessment and functional evalua-
tion and plays an important role in assessing 
select post-infarction complications. Inte-
grated with echocardiography and clinical 
context, multimodality imaging allows for 
the characterization of infarct-related injury 
and residual ischemia. A scenario-based im-
aging approach supports informed clinical 
decision-making in patients with MI. 

Figure 10. Post-MI LV free wall rupture in a 79-year-old man with NSTEMI. (a): Non-contrast axial CT image shows massive acute hemopericardium (arrows). (b): 
Contrast-enhanced axial CT image shows a patchy, contrast-filled outpouching lesion (arrowhead) in the lateral LV wall with poor enhancement (arrows). (c, d): 
Short-axis (c) and three-chamber (d) LGE-CMR images show transmural delayed enhancement (arrows) with central low signal intensity (arrowheads) in the basal 
to mid-lateral LV wall. Oval-shaped low signal intensity lesion was considered a thrombus within the ruptured LV wall. The patient underwent open-heart surgery, 
and an LV free wall rupture of the oozing type was noted in the inferolateral LV wall. NSTEMI, non-ST-segment elevation myocardial infarction; CT, computed 
tomography; LV, left ventricular; CMR, cardiac magnetic resonance; LGE, late gadolinium enhancement.
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Figure 11. Post-MI LV septal rupture in an 80-year-old woman with STEMI. (a, b): Four-chamber cine CMR images in the end-diastolic (a) and end-systolic (b) phases 
demonstrate LV apical akinesia with increased wall thickness (arrowheads) and a pencil-like signal void (b, arrow) through a focal defect in the apical septum (a, 
arrow). (c): Four-chamber LGE-CMR image shows transmural delayed enhancement with patchy MVO (arrowheads) in the apex as well as in the apical septal and 
lateral and mid-septal LV walls (arrows). (d, e): Four-chamber MPR arterial phase (d) and delayed-phase (e) CT images show focal thinning with an apical septal 
defect (d, arrow) and increased wall thickness (d, arrowheads) of the apex and apical lateral LV walls with delayed hyperenhancement (e, arrowheads). (f): Apical 
four-chamber view of color Doppler echo images shows shunt flow through a focal defect in the apical septum (arrow). The patient underwent open-heart surgery, 
and a 3-cm defect was found in the lower part of the apical septum and sutured with a bovine patch. Apical aneurysmal change was removed and reinforced using 
felt material. STEMI, ST-segment elevation myocardial infarction; b-SSFP, balanced steady state-free precession; CMR, cardiac magnetic resonance; CT, computed 
tomography; LGE, late gadolinium enhancement; MPR, multiplanar reformation 

a

d

b

e

c
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Figure 12. Acute severe MR resulting from papillary muscle rupture in a 68-year-old man who presented with sudden shortness of breath. (a): Coronal MPR image 
of a chest CT scan shows pulmonary edema in both lungs (primarily in the right lung). (b): Contrast-enhanced axial chest CT image shows hypoenhancement in 
the anterolateral papillary muscle (arrow). (c): Apical four-chamber view of color Doppler echo images shows severe eccentric MR (arrowheads) resulting from 
an anterolateral papillary muscle rupture (arrows) and associated mitral valve prolapse (mainly A2). The patient immediately underwent emergency surgery for 
mechanical mitral valve replacement, and an anterolateral papillary muscle rupture was discovered (d). Two weeks later, the patient underwent stress perfusion 
CMR imaging to evaluate the underlying cause of the anterolateral papillary muscle rupture. (e, f): LGE (e) and stress perfusion (f) CMR images show transmural 
delayed enhancement (e, arrow) and stress-induced, patchy transmural perfusion defects (f, arrow) in the mid-anterior and anterolateral LV segments. MR, mitral 
regurgitation; MPR, multiplanar reformation; CMR, cardiac magnetic resonance; CT, computed tomography; LGE, late gadolinium enhancement.
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Figure 13. True LV aneurysm in a 75-year-old woman with a history of reperfused STEMI. (a–c): Four-chamber cine (a) and LGE-CMR images (b) and a two-chamber 
MPR CT image (c) show an apical aneurysm of the left ventricle with transmural delayed enhancement (b, arrowheads) and an apical thrombus (arrows). STEMI, 
ST-segment elevation myocardial infarction; LV, left ventricular; MPR, multiplanar reformation; CMR, cardiac magnetic resonance; CT, computed tomography; LGE, 
late gadolinium enhancement.

a b c

Figure 14. Left ventricular pseudoaneurysm in an 80-year-old woman with a history of reperfused STEMI. (a, b): Two-chamber MPR early contrast-enhanced (a) and 
MDE (b) CT images demonstrate a pseudoaneurysm of the basal to mid-inferior wall of the left ventricle with a narrow neck (long arrow), very thin wall (arrows), 
and intracavitary thrombus (arrowheads). (c): Three-dimensional, volume-rendering CT image of the heart shows a large aneurysm (arrows) arising from the inferior 
wall of the left ventricle. (d, e): Two-chamber (d) and short-axis (e) LGE-CMR images demonstrate a large inferior pseudoaneurysm with a narrow neck (d, long 
arrow), diffuse LGE of the pseudoaneurysm wall (arrows), and a thrombus (e, arrowheads). The surgical finding was consistent with a pseudoaneurysm caused by a 
rupture of the LV wall secondary to MI. STEMI, ST-segment elevation myocardial infarction; LV, left ventricular; MPR, multiplanar reformation; CMR, cardiac magnetic 
resonance; CT, computed tomography; LGE, late gadolinium enhancement; MDE, myocardial delayed enhancement.
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C H E S T  I M A G I N G
I N V I T E D  R E V I E W

Photon-counting detector computed tomography in thoracic oncology: 
revolutionizing tumor imaging through precision and detail

ABSTRACT
Photon-counting detector computed tomography (PCD-CT) is an emerging imaging technology that 
promises to overcome the limitations of conventional energy-integrating detector (EID)-CT, particular-
ly in thoracic oncology. This narrative review summarizes technical advances and clinical applications 
of PCD-CT in the thorax with emphasis on spatial resolution, dose–image-quality balance, and intrin-
sic spectral imaging, and it outlines practical implications relevant to thoracic oncology. A literature 
review of PubMed through May 31, 2025, was conducted using combinations of “photon counting,” 
“computed tomography,” “thoracic oncology,” and “artificial intelligence.” We screened the retrieved 
records and included studies with direct relevance to lung and mediastinal tumors, image quality, 
radiation dose, spectral/iodine imaging, or artificial intelligence-based reconstruction; case reports, 
editorials, and animal-only or purely methodological reports were excluded. PCD-CT demonstrated 
superior spatial resolution compared with EID-CT, enabling clearer visualization of fine pulmonary 
structures, such as bronchioles and subsolid nodules; slice thicknesses of approximately 0.4 mm and 
ex vivo resolvable structures approaching 0.11 mm have been reported. Across intraindividual clin-
ical comparisons, radiation-dose reductions of 16%–43% have been achieved while maintaining or 
improving diagnostic image quality. Intrinsic spectral imaging enables accurate iodine mapping and 
low-keV virtual monoenergetic images and has shown quantitative advantages versus dual-energy 
CT in phantoms and early clinical work. Artificial intelligence-based deep-learning reconstruction and 
super-resolution can complement detector capabilities to reduce noise and stabilize fine-structure 
depiction without increasing dose. Potential reductions in contrast volume are biologically plausible 
given improved low-keV contrast-to-noise ratio, although clinical dose-finding data remain limited, 
and routine K-edge imaging has not yet translated to clinical thoracic practice. In conclusion, PCD-CT 
provides higher spatial and spectral fidelity at lower or comparable doses, supporting earlier and more 
precise tumor detection and characterization; future work should prioritize outcome-oriented trials, 
protocol harmonization, and implementation studies aligned with “Green Radiology”.

KEYWORDS
Artificial intelligence, cancer, computed tomography, diagnosis, iodine, radiation dose reduction, 
spatial resolution, spectral imaging
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Computed tomography (CT) plays a piv-
otal role in thoracic imaging, offering 
invaluable insights for the diagnosis, 

staging, and monitoring of various pulmo-
nary conditions, particularly in oncology. 
However, conventional energy-integrating 
detector (EID)-CT systems have limitations, 
including restricted spatial resolution, higher 
image noise, and an inability to differentiate 
materials based on their spectral properties. 
These limitations can hinder the precise 
characterization of subtle pathological ab-
normalities, such as early-stage lung nod-
ules and complex interstitial lung diseases. 
Photon-counting detector CT (PCD-CT) has 
emerged as a revolutionary imaging modal-
ity that addresses many of these challenges, 
promising to alter clinical practice in thoracic 
oncology fundamentally. Conventional EID-
CT converts X-rays into scintillation light, 
requiring separators that limit spatial resolu-
tion and efficiency; furthermore, light-to-cur-
rent conversion introduces electronic noise, 
reducing image quality and accuracy. In 
contrast, PCD-CT converts photons directly 
into electrical signals without noise, offering 
theoretically superior spatial resolution (0.11 
mm in-plane, 0.20 mm along the body axis) 
and multi-energy information for precise 
X-ray energy analysis (Figure 1). As a result of 
these structural differences, PCD-CT offers a 
range of advantages, including significantly 
improved spatial resolution, reduced image 
noise, and multi-energy spectral imaging 
capabilities.1-10 These advancements result 
in clearer, more detailed images, even at re-
duced radiation exposure levels. The clinical 
utility of PCD-CT in chest imaging is rapidly 
expanding, with reports demonstrating its 

efficacy in improving visualization of bron-
chi and vessels,7,9,11 enhancing the detec-
tion of emphysema and post-coronavirus 
disease-2019 lung abnormalities,6,10,12,13 in-
creasing diagnostic confidence in interstitial 
pneumonia-related findings, such as retic-
ulation,6,10,14,15 and improving image quality 
for pulmonary embolism assessment.10,16 Be-
yond these immediate clinical benefits, PCD-
CT’s inherent capabilities for a sizeable radi-
ation dose reduction and potential for lower 
contrast agent usage align with the growing 
concept of Green Radiology. This paradigm 
emphasizes environmentally sustainable 
and patient-safe radiological practices, mak-
ing PCD-CT a key technology for minimizing 
the ecological footprint and patient burden 
of medical imaging. Lung cancer, with its di-
verse histological types and heterogeneous 
nature, presents a major diagnostic chal-
lenge. Accurate preoperative assessment of 
lung tumors, including the grading of lung 
adenocarcinoma and the estimation of in-
vasive components, is crucial for guiding 
treatment strategies and predicting patient 
prognosis.17-19 Although conventional CT 
has offered valuable insights, its ability to 
evaluate these subtle tumor characteristics 
precisely has been limited. Furthermore, 
the integration of cutting-edge artificial 
intelligence (AI) with PCD-CT is poised to 
revolutionize tumor imaging further. Deep 
learning reconstruction (DLR) algorithms, for 
instance, can markedly reduce image noise 
while preserving spatial resolution, surpass-
ing the capabilities of traditional iterative re-
construction algorithms.11,20 This synergistic 
collaboration between advanced detector 
technology and AI holds immense potential 
to enhance image quality and diagnostic 
confidence in lung tumor evaluation, paving 
the way for more precise and personalized 
oncology care.

Although PCD-CT holds promise across 
a wide range of anatomical regions, this re-
view particularly emphasizes its application 
in thoracic oncology imaging due to its clini-
cal importance. The aim is to outline compre-
hensively the transformative impact of PCD-
CT in this field, highlighting advancements 
in spatial resolution, the critical balance 
between image quality and radiation dose 
reduction, and the novel insights enabled by 
its spectral imaging capabilities. By exploring 
these key areas, we highlight how PCD-CT is 
revolutionizing tumor imaging through un-
precedented precision and detail, ultimately 
leading to improved diagnostic performance 
and patient outcomes.

Methods of literature review

This work is a narrative review focusing 
on PCD-CT in thoracic oncology, synthesiz-
ing technical advances in spatial resolution, 
the balance between dose and image qual-
ity, and spectral/iodine imaging, and con-
sidering their clinical implications for lung 
and mediastinal tumors. The PubMed data-
base was searched through May 31, 2025, 
using combinations of “photon counting,” 
“photon-counting detector,” “computed to-
mography,” “thoracic,” “lung,” “mediastinum,” 
“oncology,” and “artificial intelligence.” Af-
ter deduplication, titles and abstracts were 
screened, and full texts were assessed. The 
priorities were as follows: comparisons of 
intra-individual PCD-CT versus EID-CT; tho-
racic oncology endpoints (nodule characteri-
zation, staging adjuncts, treatment response, 
surveillance/complications); trade-offs be-
tween dose and image quality; spectral/
iodine quantification; and AI/DLR analyses. 
In total, 323 records were screened, and 68 
studies were included in the qualitative syn-
thesis; to avoid implying a systematic review, 
a flow diagram is not provided, and a me-
ta-analysis was not performed. Animal-only 
studies, purely methodological papers with-
out thoracic relevance, editorials/case re-
ports/letters, and duplicate analyses without 
additional information were excluded.

Comparison of spatial resolution between 
energy-integrating detector and pho‑
ton-counting detector computed tomog‑
raphy 

Building upon the foundational advance-
ments outlined in the introduction, one of 
the most compelling advantages of PCD-CT 
in thoracic imaging is its inherently superior 
spatial resolution compared with traditional 
EID-CT (Figure 2). This enhanced capability 
stems directly from the ability of PCD-CT to 
count individual photons and precisely cate-
gorize them by energy. This fundamental dif-
ference in detection methodology minimiz-
es signal loss and electronic noise, thereby 
allowing for the acquisition of data with finer 
detail and leading to a notable improvement 
in image sharpness and the ability to discern 
minute anatomical structures.1-12 Clinical 
studies have provided robust evidence of 
superior spatial resolution on PCD-CT and 
its direct impact on diagnostic image qual-
ity. Inoue et al.12 conducted a prospective 
clinical study in adult patients undergoing 
low-dose lung cancer screening, in which 
three readers directly compared PCD-CT and 
EID-CT using a 5-point Likert scale (−2 to +2). 

Main points

•	 Photon-counting detector computed to-
mography (PCD-CT) offers markedly im-
proved spatial and spectral resolution com-
pared with conventional energy-integrating 
detector CT, allowing for more accurate 
detection and characterization of thoracic 
tumors, including subsolid nodules and ear-
ly-stage lung cancer.

•	 PCD-CT substantially reduces radiation dos-
es by up to 40% without compromising im-
age quality and shows promise in reducing 
contrast agent volume, contributing to safer 
and more sustainable imaging.

•	 The integration of artificial intelligence and 
spectral imaging techniques with PCD-CT 
enhances diagnostic precision and aligns 
with the principles of Green Radiology, sup-
porting both clinical excellence and envi-
ronmental responsibility.
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Their findings revealed that PCD-CT provid-
ed significantly superior delineation of lung 
nodule boundaries (+0.8 ± 0.9, P < 0.001) and 
improved visualization of emphysema (+0.3 
± 0.6, P < 0.001). PCD-CT was consistently rat-
ed superior for image sharpness (mean score 
+0.8, P < 0.001), despite the use of a similar 
reconstruction kernel. Two of the three read-
ers also reported significantly higher overall 
diagnostic quality (+0.3 to +0.7, P < 0.001). 

Similarly, Wang et al.21 demonstrated PCD-
CT’s advanced capability in characterizing 
subsolid nodules, noting its superiority over 
EID-CT in depicting subtle nodule features, 
with the exception of lobulation. This study 
also highlighted a crucial technical aspect, 
concluding that 0.4 mm slice thickness PCD-
CT images achieved an optimal balance be-
tween ultra-high resolution and subjective 
diagnostic image quality, which is crucial for 

guiding clinical imaging protocols. Further-
more, Bartlett et al.9 investigated the impact 
of higher matrix reconstruction (e.g., 1,024 
matrix) with PCD-CT, reporting improved 
visualization of higher-order bronchi and 
bronchial wall clarity, suggesting the clinical 
benefit of the enhanced technical resolution 
capabilities inherent to PCD-CT systems.

Figure 1. Comparison of signal conversion processes in energy-integrating detector computed tomography (EID-CT) and photon-counting detector (PCD)-CT. 
Conventional scintillator-type detector (EID)-CT devices convert incident X-rays into scintillation light containing all spectral information for processing, and 
separators are required to prevent light from diffusing to adjacent detection elements. The thickness of the separator limits spatial resolution and reduces X-ray 
usage efficiency, and the electrical noise generated when converting light into electric current degrades image quality and quantitative performance. In comparison, 
PCD-CT collects X-rays by energy and converts electrons directly into an electric current; therefore, there is no electrical noise. Theoretically, it provides higher spatial 
resolution than conventional CT (0.11 mm in plane, 0.20 mm in body axis direction) and multi-energy information for each X-ray energy, enabling highly accurate 
X-ray energy analysis.

Figure 2. Comparison of photon-counting computed tomography (CT) images (a-c) and energy-integrating detector (EID)-CT images (d-f) in a 72-year-old woman 
with lung adenocarcinoma. The photon-counting CT images [CT dose index volume (CTDIvol), 9.2 mGy; matrix size, 512; and slice thickness, 0.4 mm] demonstrate 
clearer depiction of air bronchogram (black arrows) within the nodule and the nodule margins (white arrow heads) than the EID-CT images (CTDIvol, 12.8 mGy; 
matrix size, 512; and slice thickness, 0.625 mm).

a

d

b

e

c

f
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Further compelling evidence for the high 
spatial resolution of PCD-CT comes from 
ex vivo studies using human tissues, which 
bridge the gap between technical capabili-
ties and direct clinical relevance. Hata et al.11 
performed a detailed comparative analysis of 
PCD-CT and EID-CT using inflated cadaveric 
human lungs. This unique study design al-
lowed for the precise evaluation of the tech-
nologies on human tissue without the con-
founding effects of physiological motion. The 
study confirmed that PCD-CT depicted lung 
nodules and airway microstructure with sig-
nificantly greater clarity than EID-CT. A pivot-
al finding was the quantification of PCD-CT’s 
detection limit, demonstrating its capability 
to detect nodules and airways with a median 
diameter of approximately 600 μm. The maxi-
mum spatial resolution achieved in this study 
was 0.11 mm, emphasizing its extraordinary 
ability to resolve microscopic anatomical de-
tails.11 These findings underscore the current 
ability of PCD-CT to provide unprecedented 
information on subtle pulmonary structures. 
In a clinical context,6,20 this means a higher 
potential for earlier detection and more pre-
cise characterization of a wide range of lung 
diseases, including incipient lung cancers, 
thereby facilitating earlier intervention and 
improved patient outcomes. In the future, 
this enhanced spatial resolution is expected 
to become a cornerstone for refined disease 
staging, personalized treatment planning, 
and potentially even the identification of 
novel imaging biomarkers for prognosis and 
treatment response in thoracic oncology. 
See “Thoracic Oncology Tasks and PCD-CT 
Advantages: Evidence Map” in Table 1.

Radiation dose reduction without degrada‑
tion of spatial resolution in photon-count‑
ing detector computed tomography

Researchers have conducted many stud-
ies on conventional EID-CT and have inves-
tigated and implemented radiation dose re-
duction strategies, implying the importance 
of dose management.22-33 Radiation dose is a 
critical consideration in all CT examinations, 
and minimizing patient exposure is a funda-
mental principle of radiological practice.

Recent clinical studies have provid-
ed compelling evidence that PCD-CT can 
achieve substantial radiation dose reduc-
tions compared with EID-CT.12,21,34,35 These 
reductions are clinically meaningful, espe-
cially in the context of lung cancer screening 
programs and long-term oncologic surveil-
lance, where cumulative dose becomes a 
significant concern. As noted in the previous 
section, Inoue et al.12 revealed the utility of 

PCD-CT in evaluating nodule boundaries and 
visualization of emphysema. Crucially, these 
improvements were achieved concurrently 
with a significantly lower average CT dose in-
dex volume, demonstrating an approximate 
16.4% reduction (0.61 mGy vs. 0.73 mGy, P < 
0.001) compared with EID-CT. Similarly, Wang 
et al.21 further corroborated PCD-CT’s bene-
fit in characterizing subsolid nodules. Their 
study demonstrated that PCD-CT not only 
improved lesion depiction but also delivered 
a significantly reduced effective dose, quanti-
fying an approximate 17.5% reduction (1.79 
± 0.39 mSv vs. 2.17 ± 0.57 mSv, P < 0.001) 
compared with EID-CT. Overall, various clin-
ical studies have demonstrated significant 
dose reductions with PCD-CT compared with 
EID-CT, generally ranging from approximate-
ly 16% to over 40% depending on the specific 
comparison and protocol. The dose-reduction 
benefit of PCD-CT extends to specific vulner-
able patient populations and advanced im-
aging protocols where dose optimization is 
critical. Early studies with PCD-CT in pediatric 
chest imaging of cystic fibrosis have reported 
average effective doses as low as 0.12 mSv,36 
a remarkable reduction compared with even 
ultra-low-dose EID-CT protocols, which can 
be approximately 0.15 mSv for combined in-
spiratory and expiratory chest CT in pediatric 
populations.37 For adults with cystic fibrosis, 
PCD-CT has demonstrated effective doses 
as low as 0.55 mSv, representing a 42% re-
duction compared with EID-CT protocols for 
similar diagnostic tasks.34 PCD-CT has notably 
demonstrated a 31% lower effective dose to 
red bone marrow than EID-CT34 in younger 
cohorts, where the risk of radiation-induced 
malignancy is a significant concern.38,39 Al-
though conventional low-dose EID-CT pro-
tocols for chest imaging typically report ef-
fective radiation doses ranging from 1.5 mSv 
to 2.0 mSv,40,41 PCD-CT has shown substantial 
advancements; its substantial dose reduc-
tion capabilities offer promising benefits for 
enhancing patient safety in routine clinical 
practice.42 Furthermore, the advantages of 
PCD-CT also extend to comparisons with oth-
er advanced CT modalities, such as dual-en-
ergy CT (DECT). Hagen et al.43 performed a 
clinical comparison of contrast-enhanced 
chest imaging, a cornerstone for evaluating 
tumor vascularity and treatment response, 
using PCD-CT versus a second-generation 
dual-source DECT in oncology patients. They 
reported that PCD-CT provided significantly 
higher tumor-to-lung parenchyma contrast 
ratios, indicating enhanced tumor conspi-
cuity and delineation. Importantly, PCD-CT 
maintained equivalent or superior image 
quality while achieving a substantial 43% 

reduction in radiation dose compared with a 
second-generation dual-source DECT.43 This 
robust clinical evidence directly confirms 
PCD-CT’s impressive dose efficiency and im-
age quality benefits in a demanding patient 
cohort undergoing oncologic imaging.

PCD-CT has the potential to reduce con-
trast agent usage in thoracic oncology diag-
nosis. Sawall et al.44 compared PCD-CT with 
EID-CT using phantoms containing various 
iodine concentrations (ICs) and demonstrat-
ed improvements in the contrast-to-noise 
ratio (CNR) of up to 30% with a single ener-
gy bin and up to 37% with optimal two-bin 
weighting, corresponding to a potential 
reduction in contrast medium dose of up 
to 37%.44 In addition, several studies have 
reported that PCD-CT enables a 25%–50% 
reduction in contrast medium dose in head 
and neck CT angiography (CTA) or coronary 
CTA while maintaining diagnostic image 
quality or CNR.45,46 Such a contrast medium 
dose reduction may be particularly benefi-
cial for patients with impaired renal function 
and elderly populations.

These clinical investigations collectively 
demonstrate that PCD-CT offers a compel-
ling combination of maintained or improved 
image quality and significant dose reduction 
across various clinical scenarios pertinent to 
thoracic oncology. This improved benefit–
risk ratio represents a major advancement in 
CT, positioning PCD-CT as an invaluable tool, 
particularly for lung cancer screening pro-
grams and long-term oncologic follow-up, 
where repeated examinations are common. 
Crucially, this unique synergy of imaging 
quality, dose efficiency, and potential for 
contrast medium dose reduction also strong-
ly aligns with the burgeoning principles of 
Green Radiology, emphasizing the minimi-
zation of patient exposure and the promo-
tion of environmentally sustainable imaging 
practices. This comprehensive advantage 
solidifies PCD-CT’s role as a cornerstone for 
optimizing patient care and advancing diag-
nostic capabilities in thoracic imaging.

Artificial intelligence technology for su‑
per-resolution 

This AI-based super-resolution subsection 
may be useful to clarify achievable EID-CT 
resolution, complement PCD-CT in practice, 
and support detector-aware harmonization 
across EID-CT and PCD-CT data. 

The field of medical imaging continues 
to advance rapidly, driven by innovations 
in detector hardware and post-processing 
algorithms.20,28,47-51  



 

Photon-counting detector computed tomography in thoracic oncology • 441

Table 1. Thoracic oncology tasks and photon-counting detector computed tomography (PCD-CT) advantages: evidence map

Clinical task Specific question Typical 
comparator

Study type 
(examples)

Primary metrics 
(examples)

Reported 
signal

Clinical 
implication

References

Lung cancer 
screening (low-
dose nodule 
detection)

Does PCD-CT 
improve detection 
and clarity of small 
pulmonary nodules 
at low radiation 
doses, compared 
with standard 
low-dose computed 
tomography (CT)?

Conventional 
low-dose 
energy-
integrating 
detector CT 
(EID-CT)

Prospective 
intra-individual 
comparisons; 
feasibility trials 
in screening 
populations

Nodule detection 
rate; small 
nodule boundary 
visibility; image 
noise; CT dose 
index volume 
(radiation dose)

↑ (Improved)

Earlier detection 
of lung cancer 
with sharper 
nodule depiction 
at reduced 
dose, enhancing 
screening efficacy 
while lowering 
radiation risk

8,12

Subsolid nodule 
characterization 
(invasive vs. 
indolent)

Can PCD-CT better 
characterize 
subsolid (ground-
glass or part-solid) 
lung nodules and 
assess invasive 
components versus 
conventional CT?

Thin-section 
EID-CT 
(standard high-
res)

Paired same-day 
patient studies 
(PCD-CT vs. 
EID-CT in each 
patient)

Lesion 
conspicuity and 
demarcation; CT 
attenuation of 
solid component; 
radiologist 
invasiveness 
classification; 
effective dose

↑ (Improved)

More accurate 
non-invasive 
assessment 
of tumor 
invasiveness, 
aiding surgical 
decision-making 
(e.g., suitability 
for sublobar 
resection) while 
also reducing 
patient dose

21,58

Tumor 
morphology and 
margins (solid 
tumor evaluation)

Does PCD-CT 
provide clearer 
visualization of 
tumor margins and 
fine morphological 
features (e.g., 
spiculation, 
lobulation) 
compared with 
conventional CT?

High-resolution 
EID-CT (ultra-
thin slices with 
iterative recon)

Ex vivo cadaver 
lung comparisons; 
prospective 
clinical studies 
with artificial 
intelligence 
super-resolution 
reconstruction

Spatial resolution 
(achieved voxel 
size); minimum 
detectable lesion 
size; clarity of 
edge features 
(spiculation, air 
bronchograms); 
reader 
confidence 
scores

↑ (Improved)

Enhanced 
delineation of 
tumor extent and 
characteristics, 
improving lesion 
characterization 
and aiding 
precise surgical 
or radiotherapy 
planning

9,20

Lymph node 
staging
(mediastinal 
metastasis 
detection)

Can PCD-CT spectral 
imaging improve 
identification of 
metastatic lymph 
nodes in thoracic 
malignancies 
compared with 
standard CT or dual-
energy CT?

Contrast-
enhanced 
EID-CT or 
dual-energy 
CT (with iodine 
mapping)

Retrospective 
clinical spectral 
CT studies 
(with surgical 
pathology as 
reference); 
phantom 
iodine-detection 
experiments

Iodine 
concentration 
in nodes 
(correlation with 
malignancy); 
virtual 
monoenergetic 
imaging clarity; 
minimum 
detectable 
iodine level 
(phantom)

↑ (Improved)

Potential for 
more accurate 
non-invasive 
nodal staging 
– improved 
detection of nodal 
metastases due to 
superior contrast 
and spectral 
sensitivity, 
possibly reducing 
need for invasive 
sampling

63,64

Treatment 
response 
assessment 
(therapy 
monitoring)

Does PCD-CT 
improve the 
evaluation of tumor 
response to therapy 
(e.g., changes in size 
or enhancement) 
compared with 
conventional CT?

Standard 
contrast-
enhanced CT 
(EID-CT or latest 
dual-source CT)

Preliminary 
clinical 
comparisons in 
oncology patients 
(PCD-CT vs. dual-
source CT)

Tumor-to-
lung contrast 
ratio; lesion 
conspicuity on 
follow-up; image 
noise and SNR; 
dose per scan

↑ (Improved)

Clearer 
visualization of 
residual tumor 
and subtle 
changes in 
enhancement or 
size, facilitating 
more confident 
assessment of 
treatment efficacy 
while minimizing 
radiation and 
contrast burden

43

SNR, signal-to-noise ratio.
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	 Among the most promising develop-
ments is the application of AI, particularly 
super-resolution techniques based on deep 
learning, to improve the spatial resolution 
of CT imaging beyond the physical limits 
of existing systems.52,53 These methods can 
reconstruct high-resolution images from 
lower-resolution data, effectively enhancing 
fine structural details essential for accurate 
diagnosis and treatment planning (Figure 3).

Although advances in CT spatial resolu-
tion have often focused on detector innova-
tions, particularly photon-counting systems, 
conventional EID-CT has also demonstrated 
substantial diagnostic capabilities by em-
ploying high-matrix imaging. For instance, 
Yanagawa et al.54 used a 2,048 × 2,048 matrix 
with a 0.25 mm slice thickness on an EID-CT 
to evaluate invasive lung adenocarcinomas. 
Their findings showed excellent diagnostic 
performance for identifying features such 
as disrupted air bronchograms and solid 
components >0.8 cm, with a sensitivity of 
97% and specificity of 86% [area under the 
curve (AUC), 0.94]. These results suggest that 
enhancing spatial resolution could lead to 
more accurate lung cancer evaluations. In 

addition, high-resolution EID-CT imaging 
may influence computational approaches, 
such as radiomics. Ninomiya et al.55 demon-
strated that CT images reconstructed with a 
1,024 matrix improved the radiomic predic-
tion of solid and micropapillary components 
in invasive lung adenocarcinoma, highlight-
ing the potential benefits of high-spatial-res-
olution input data in image-based feature 
analysis.

Parallel to these CT hardware-based 
improvements, AI-based super-resolution 
techniques have emerged as a promising 
approach to further enhance CT image qual-
ity. Kim et al.56 demonstrated that applying 
a three-dimensional (3D) deep learning su-
per-resolution algorithm to thick-slice CT 
data significantly reduced volumetric mea-
surement error (from 52.2% to 15.7%) and 
improved Lung Imaging Reporting and Data 
System categorization accuracy (from 72.7% 
to 94.5%). Similarly, super-resolution radiom-
ics has been shown to increase the predictive 
accuracy of histologic subtypes in lung can-
cer. In a cohort of 245 patients, Xing et al.57 
reported an AUC improvement from 0.761 
to 0.819 for the detection of micropapillary 

and solid components. A multicenter study 
also found that a super-resolution CT pipe-
line combined with an SE-ResNet50 mod-
el achieved superior prediction of spread 
through air spaces, with an AUC of 0.806 
compared with 0.695 for standard models.58

Among these AI-based approaches, Pre-
cise IQ Engine (PIQE; Canon Medical Systems, 
Otawara, Japan) represents a clinically im-
plemented, super-resolution DLR technique 
tailored for EID-CT systems. The PIQE sys-
tem uses a 3D convolutional neural network 
trained on paired low- and high-resolution 
images derived from ultra-high-resolution 
CT, enabling the reconstruction of low-noise, 
high-resolution images without increased 
radiation dose. Notably, it supports high-ma-
trix reconstruction (up to 1,024 × 1024), pro-
viding sharper spatial detail and preserving 
image texture.52,53 Although most validation 
studies of PIQE have focused on coronary and 
abdominal CT, its technical design suggests 
considerable potential in thoracic oncology. 
Enhanced spatial resolution and reduced 
blooming artifacts may improve the delin-
eation of lesion margins, internal heteroge-
neity, and subtle features, such as broncho-

Figure 3. Comparison of images acquired at 8.5 mGy and 2.2 mGy, where the dose refers to the computed tomography dose index volume, using different 
reconstruction methods in a human cadaveric lung with lung metastases. Images include 8.5 mGy-FBP (matrix size, 512; slice thickness, 0.5 mm; (a), 8.5 mGy-AiCE 
(matrix size, 512; slice thickness, 0.5 mm; (b), 8.5 mGy-PIQE (matrix size, 1024; slice thickness, 0.5 mm; (c), 2.2 mGy-FBP (matrix size, 512; slice thickness, 0.5 mm; 
(d), 2.2 mGy-AiCE (matrix size, 512; slice thickness, 0.5 mm; (e), and 2.2 mGy-PIQE [matrix size, 1024; slice thickness, 0.5 mm; (f)]. 8.5 mGy-AiCE (b) reduces image 
noise compared with 8.5 mGy-FBP (a). 8.5 mGy-PIQE (c) further enhances the visualization of bronchiolar walls (black arrows) due to the higher matrix size and 
higher noise reduction. At a lower dose, 2.2 mGy-FBP (d) shows increased noise, whereas 2.2 mGy-AiCE (e) mitigates it. Notably, 2.2 mGy-PIQE (f) preserves superior 
delineation of bronchiolar structures despite the reduced dose. FBP, filtered back projection; AiCE, advanced intelligent Clear-IQ Engine, which is a deep learning 
reconstruction (DLR) technique; PIQE, precise IQ Engine, which is a super-resolution DLR technique.
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vascular invasion. These improvements are 
particularly relevant for image-based stag-
ing and treatment planning in lung cancer. 
Moreover, the use of high-fidelity input data 
is increasingly recognized as critical in radio-
mics and AI-based prediction models. Thus, 
PIQE-enabled super-resolution CT may not 
only enhance visual interpretation but also 
improve the performance of computational 
tools in thoracic oncology. 

Although PCD-CT inherently offers en-
hanced spatial resolution through its ad-
vanced detector design, recent studies have 
highlighted the added value of integrating 
AI-based reconstruction algorithms. Sasaki 
et al.20 investigated a cadmium zinc tellu-
ride-based PCD-CT system combined with 
DLR and demonstrated that ultra-high-reso-
lution images provided clearer delineation of 
key morphological features, such as spicula-
tion and lobulation. These features are par-
ticularly important for the characterization 
of lung cancer. The observed improvements 
contributed to greater diagnostic confidence 
and suggest that AI-based super-resolution 
techniques can further enhance the clinical 
utility of PCD-CT in thoracic oncology. To-
gether, these developments demonstrate 
that AI-enabled super-resolution contributes 
not only to improved image aesthetics but 
also to enhanced diagnostic precision and 
prognostic assessment. Whether applied to 
EID-CT or PCD-CT, and whether implement-

ed through high-matrix acquisition or DLR, 
these techniques enable better visualization 
of subtle but clinically significant features, 
support more robust radiomic analyses, and 
allow for earlier and more accurate diagnosis 
of thoracic malignancies. As AI-driven recon-
struction becomes increasingly integrated 
into clinical workflows, further validation 
across diverse patient populations and im-
aging settings will be essential. Nonetheless, 
the convergence of advanced detector tech-
nologies, high-resolution matrix design, and 
deep learning-based image enhancement 
represents a promising foundation for the 
next generation of precision imaging in tho-
racic oncology.

Spectral imaging with photon-counting 
detector computed tomography: techni‑
cal advances and clinical implications in 
comparison with dual-energy computed 
tomography

Spectral imaging has emerged as a pivotal 
advancement in CT, enabling compositional 
and quantitative assessments that surpass 
the capabilities of conventional, attenua-
tion-based imaging. DECT, which achieves 
spectral differentiation through dual-source 
acquisition, rapid kilovoltage switching, or 
layered detectors, has long been used in clin-
ical settings. In thoracic oncology, DECT has 
proven particularly useful in iodine quanti-
fication, which aids in tumor characteriza-

tion and assessment of treatment response. 
However, DECT is limited by binary energy 
separation, spectral overlap, and reduced 
material specificity.59-63 PCD-CT represents a 
transformative advancement in spectral im-
aging. Unlike EID-CT, PCD-CT systems utilize 
semiconductor materials, such as cadmium 
zinc telluride, to directly count individual 
X-ray photons and classify them by ener-
gy.1-10 This novel detector architecture en-
ables simultaneous multi-energy acquisition 
with superior energy resolution and reduced 
electronic noise. Furthermore, PCD-CT inher-
ently provides higher spatial resolution due 
to smaller detector elements and reduced 
cross-talk. These features collectively con-
tribute to more accurate material decompo-
sition, enhanced signal-to-noise ratio (SNR), 
and the potential for lower radiation doses. 
These advantages are expected to enhance 
diagnostic performance across a broad 
range of clinical applications, including tho-
racic oncology. A comparison of the spectral 
imaging capabilities of DECT and PCD-CT is 
summarized in Table 2, illustrating the tech-
nical distinctions and clinical implications 
relevant to thoracic tumor evaluation. As the 
table indicates, PCD-CT surpasses DECT in 
energy resolution, spatial resolution, signal-
to-noise characteristics, and spectral quanti-
fication accuracy, representing a next-gener-
ation platform for spectral thoracic oncology 
imaging (Figures 4, 5).

Table 2. Technical comparison between dual-energy computed tomography (DECT) and photon-counting detector computed tomography 
(PCD-CT) for spectral thoracic imaging

Feature DECT PCD-CT

Detector type Energy-integrating detector (EID) Photon-counting semiconductor detector (e.g., 
cadmium zinc telluride)

Energy resolution Binary (low) Multi-bin (high)

Spectral acquisition Two spectra via dual-source/kVp switching, dual-layer/split filter Simultaneous multi-energy per photon

Virtual monochromatic 
imaging quality Available (noisy at low keV) Available (low-noise, high fidelity)

Material decomposition Limited to two-material basis Multi-material decomposition feasible

K-edge imaging Not supported Supported (e.g., iodine, gadolinium, gold)

Spatial resolution Limited by detector and noise Higher due to small pixel and low noise

Signal-to-noise ratio Moderate High

Quantitative accuracy Limited by beam hardening, overlap Superior accuracy, artifact-resistant

Contrast efficiency Requires higher dose Enhanced at lower dose

Dose efficiency Variable, protocol-dependent Low-dose with high image quality

Tumor evaluation Effective for iodine concentration (IC), Zeff, and extracellular volume 
fraction in mediastinal tumors 

Superior delineation, quantification, and 
functional imaging 

Nodal evaluation Correlation between IC and nodal metastasis shown Potential for improved nodal characterization with 
higher resolution

Artificial intelligence 
integration Available Available and ongoing 
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Figure 4. Spectral images from photon-counting computed tomography (CT) in a 51-year-old man with thymoma. On the true non-contrast image (a) in the 
mediastinal window, the CT value within the region of interest (circle) is 63.9 Hounsfield units (HU). On the virtual non-contrast image (b) reconstructed from the 
120-second delayed scan, the CT value within the region of interest (circle) is 63.5 HU, which is nearly identical to that of the true non-contrast image. Monochromatic 
images reconstructed of 40 keV (c), 70 keV (d), 100 keV (e) from the 120-second delayed scan, and spectral HU curve (f) are shown. At 40 keV (c), the contrast of the 
anterior mediastinal mass (white arrows) and blood vessels is enhanced compared with 70 keV (d) and 100 keV (e). The spectral HU curve (f) indicates a change of 
CT values at each keV level in the tumor (white line) and the aorta (yellow line). The pink line indicates the 70 keV energy level. Iodine maps at a 120-second delay 
(g, color map; h, gray scale map) show an iodine concentration of 1.5 mg/mL in the region of interest.
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Figure 5. Photon-counting detector computed tomography (CT) images in an 80-year-old man with lung adenocarcinoma. (a) Shows the lung window CT images 
(matrix size, 512; and slice thickness, 0.4 mm). (b-d) Shows the mediastinal window CT images obtained at 60 seconds (b), 120 seconds (c), and 180 seconds (d) after 
contrast administration. At 60 seconds (b), the mean CT value of the nodule is 48 Hounsfield units (HU), and the iodine concentration (IC) is 1.484 mg/cm3 (originally 
expressed in units of 100 μg/cm3). At 120 seconds (c), the mean CT value is 54 HU, with an IC of 1.574 mg/cm3. At 180 seconds (d), the mean CT value is 41 HU, and 
the IC is 1.358 mg/cm3. Monochromatic images reconstructed of 40 keV (e), 70 keV (f), 100 keV (g) from the 60-second delayed scan, and spectral HU curve (h) are 
shown. At 40 keV (e), the contrast of the lung nodule (white arrows) and blood vessels is enhanced compared with 70 keV (f) and 100 keV (g). The spectral HU curve 
(h) indicates a change of CT values at each keV level in the nodule (white line) and the aorta (yellow line). The pink line indicates the 70 keV energy level. 
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DECT has emerged as a valuable tool in 
thoracic oncology, with iodine-based quan-
tification playing a key role in its diagnostic 
utility. For example, Deng et al.61 demonstrat-
ed that DECT-derived spectral parameters, 
including IC, effective atomic number, and 
spectral slope, enabled differentiation be-
tween invasive thymic epithelial tumors and 
mediastinal lung cancers with high diagnos-
tic accuracy (AUC: 0.88). Similarly, Takumi et 
al.62 reported that IC and extracellular volume 
fraction, measured during the equilibrium 
phase using dual-layer DECT, were signifi-
cantly elevated in thymic carcinoma. These 
findings support their usefulness in tumor 
subtyping. Additionally, DECT-based iodine 
mapping has been utilized for nodal staging. 
Huang et al.63 showed that IC measurements 
correlated well with histopathologic nodal 
status in patients with lung adenocarcino-
ma, suggesting a role for spectral imaging 
in non-invasive lymph node evaluation. 
Building upon these advances, PCD-CT of-
fers further improvements through its inher-
ently higher spectral and spatial resolution. 
In a phantom study of mediastinal lesions, 
Centen et al.64 demonstrated that PCD-CT 
could detect ICs as low as 0.238 mg/mL in 5 
mm lesions when using low-keV virtual mon-
oenergetic imaging and a high-resolution 
matrix. This performance significantly sur-
passed that of conventional CT, even when 
the radiation dose was reduced by 66%. 
These dose-saving and contrast-optimiza-
tion capabilities not only improve diagnostic 
safety but also align with the principles of 
Green Radiology, which emphasize environ-
mentally sustainable and patient-centered 
imaging practices. Furthermore, Vrbaski et 
al.65 showed that PCD-CT achieved more ac-
curate iodine quantification than DECT un-
der low-dose conditions. The bias observed 
with PCD-CT was substantially lower, indi-
cating a higher level of quantitative preci-
sion. Collectively, these studies highlight the 
growing importance of spectral CT imaging 
in thoracic oncology and suggest that PCD-
CT is a promising next-generation imaging 
modality. With its excellent energy discrim-
ination, improved image fidelity, and dose 
efficiency, PCD-CT will be a powerful tool for 
tumor characterization, lymph node evalua-
tion, and personalized treatment planning in 
future clinical settings.

In addition to quantitative improvements, 
PCD-CT offers high spectral resolution by 
capturing individual photon energies, en-
abling advanced imaging techniques such as 
K-edge imaging. This method takes advan-
tage of the sudden increase in photoelectric 

absorption at the K-edge of specific high-Z 
elements (e.g., gold, gadolinium, iodine), 
allowing their selective detection and quan-
tification. In a foundational phantom study, 
Si-Mohamed et al.66 demonstrated the feasi-
bility of multi-material decomposition using 
spectral PCD-CT. They achieved accurate 
quantification and discrimination of mixed 
contrast agents—including iodine, gadolin-
ium, and gold nanoparticles—with high lin-
earity (Pearson correlation coefficient ≥0.97) 
and low cross-contamination (root mean 
square error ≤0.47 mg/mL). This “multi-color” 
imaging was unattainable with conventional 
CT or DECT, highlighting the advantage of 
PCD-CT for detecting multiple agents within 
a single scan.66 However, a practical limita-
tion of K-edge imaging with PCD-CT is that 
clinically approved doses of contrast agents, 
such as gadolinium, may not produce a suf-
ficient SNR for accurate material decompo-
sition.67 Phantom studies have generally re-
quired higher-than-clinical concentrations to 
achieve reliable K-edge detection. This raises 
concerns about the feasibility of directly ap-
plying these protocols in clinical practice. 
Although K-edge imaging with PCD-CT has 
shown clear feasibility and high quantitative 
accuracy in phantom and preclinical stud-
ies, clinical translation remains limited. This 
is mainly due to the lack of contrast agents 
specifically approved for K-edge imaging 
and the current need for elevated doses to 
ensure adequate image quality. At present, 
no clinical studies have reported the use of 
K-edge imaging in human patients.

Summary and future directions

PCD-CT is redefining thoracic oncologic 
imaging by delivering unmatched spatial 
and spectral resolution, improved diagnos-
tic confidence, and substantial reductions in 
radiation dose. Its ability to detect individual 
X-ray photons and measure their energy en-
ables more accurate tumor characterization, 
earlier detection of small lesions, and ad-
vanced spectral imaging. These strengths are 
further enhanced by AI-based reconstruc-
tion techniques that improve image quali-
ty while maintaining diagnostic precision. 
PCD-CT is expected to play a central role in 
the future of precision imaging. Techniques 
such as K-edge imaging and multi-materi-
al decomposition may offer new insights 
into tumor biology, although further work 
is needed to adapt K-edge contrast agents 
for routine clinical use. Moreover, PCD-CT is 
well aligned with the concept of Green Ra-
diology, which promotes safe, sustainable, 
and patient-centered imaging practices. As 

Rockall et al.68 have noted, radiology must 
transition toward low-carbon and climate-re-
silient systems, with innovations that reduce 
emissions and environmental impact while 
preserving the quality of care. PCD-CT ex-
emplifies this shift by delivering high-quality 
images at lower radiation doses and reduced 
contrast volume. It is particularly valuable in 
screening and long-term surveillance, where 
cumulative exposure is a concern. Future di-
rections include broader clinical validation, 
integration with AI-based workflows, and 
incorporation into guidelines that reflect 
diagnostic excellence and environmental 
stewardship, while taking into account both 
the advantages of PCD-CT and its challeng-
es, such as high cost and substantial power 
consumption.

In conclusion, PCD-CT represents not only 
a technological innovation but also a mean-
ingful step toward more responsible and 
forward-looking radiologic practice. Its con-
tinued development will help ensure that 
thoracic oncology imaging remains both 
clinically effective and environmentally con-
scious.
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O R I G I N A L  A R T I C L E

C H E S T  I M A G I N GDiagn Interv Radiol 2026; DOI: 10.4274/dir.2026.263936

Diagnostic value of portable handheld digital radiography in a beagle 
model of thoracic trauma

PURPOSE
To assess the diagnostic value of portable handheld digital radiography (DR) in a beagle model of 
thoracic trauma. 

METHODS
Twenty-seven beagles were randomly assigned to three experimental groups: the pneumothorax 
group (induced by intrapleural air injection at 50 mL/kg), the pleural effusion group (induced by 
intrapleural normal saline injection at 30 mL/kg), and the rib fracture group (created by surgical 
transection of the 6th rib). All animals underwent three imaging examinations in a randomized or-
der: conventional chest X-ray, mobile DR, and portable handheld DR. Detection rates (using surgical 
outcomes as the gold standard), image quality, and total examination time (from positioning to 
image acquisition) were compared among the three modalities.

RESULTS
A total of 21 animals completed the full protocol (7 per group). There was no significant difference 
in detection rates among the three examination methods (P > 0.050). The image quality of both 
mobile DR and portable handheld DR was significantly superior to that of conventional chest X-ray 
(P = 0.021). Examination times for mobile DR (8.37 ± 0.80 minutes) and portable handheld DR (7.07 
± 0.67 minutes) were significantly shorter than for conventional chest X-ray (10.40 ± 0.96 minutes) 
(P < 0.001). Furthermore, portable handheld DR had a significantly shorter examination time than 
mobile DR (P < 0.05). 

CONCLUSION
Portable handheld DR provides detection rates comparable with mobile DR and conventional chest 
X-ray for thoracic trauma, with the advantages of superior image quality over conventional chest
X-ray and the shortest examination time. Its user-friendly operation and high portability make it a 
valuable tool for emergency imaging in austere environments. 

CLINICAL SIGNIFICANCE
Based on diagnostic results in a beagle model of thoracic trauma, this study demonstrates that 
portable handheld DR can provide reliable methodological support for real-time imaging and rapid 
triage in harsh environments such as field and post-disaster settings.

KEYWORDS
Portable handheld digital radiography, thoracic trauma, emergency rescue, diagnostic value, ca-
nine model
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Thoracic trauma often leads to varying 
degrees of damage to multiple organs 
and systems, presenting as critical and 

complex conditions with a high mortality 
rate. Because it frequently involves com-
pound injuries, symptoms can easily mask 
each other, posing major challenges for di-
agnosis and treatment.1 Such injuries may 
include rib fractures, pulmonary contusions, 
and pneumothorax, characterized by rapid 
onset and progression and often involv-
ing multiple injuries.2 If not diagnosed and 
treated promptly, they can lead to severe 
complications such as massive hemorrhage, 
infection, or shock. Therefore, rapid and early 
diagnosis, along with effective treatment, are 
critical for saving lives, and there is an urgent 
need for quicker and more efficient diagnos-
tic methods to improve treatment success 
rates. 

Digital radiography (DR) is a commonly 
used conventional imaging technique wide-
ly applied in the diagnosis of acute thoracic 
trauma. It features low cost, fast examina-
tion speed, clear images, good contrast, 
simple operation, and low radiation dose. 
It can assist in diagnosis through various 
image post-processing functions.3 Howev-
er, in special scenarios such as field rescue, 
emergency response at primary healthcare 
facilities, and disaster sites in remote areas, 
large-scale equipment such as chest DR and 
computed tomography scanners is bulky 
and immobile, relying on fixed power sourc-
es and professional operating environments, 
which makes them difficult to rapidly deploy 
and use for examinations.4 Although con-
ventional DR is relatively common in clinical 
applications, its limited portability restricts 
its widespread use in emergency medical 
rescue. In contrast, portable DR considerably 

enhances equipment mobility and utilization 
efficiency, opening up a new direction for 
the development of emergency medical res-
cue equipment. In this context, how to uti-
lize accessible small-scale portable imaging 
devices on-site to achieve rapid preliminary 
diagnosis has become a critical issue in im-
proving the efficiency of emergency medical 
treatment.

This study systematically investigates the 
diagnostic value of portable handheld DR in 
acute thoracic trauma using a beagle model, 
with the primary objective of delivering ef-
ficient and convenient imaging support for 
battlefield casualties with thoracic trauma, 
thereby enhancing diagnostic capabilities 
for injured patients.

Methods

Experimental animals

A total of 27 beagles aged 1–2 years and 
weighing 12–15 kg were purchased from 
the Henan Provincial Experimental Animal 
Center (Zhengzhou, China). All experimental 
procedures were conducted in accordance 
with the National Institutes of Health Guide-
lines for the Care and Use of Laboratory An-
imals. The animals were housed individually 
in a barrier facility under controlled environ-
mental conditions: temperature 22 °C ± 2 °C, 
relative humidity 50%–60%, and a 12-hour 
light–dark cycle. They had free access to 
water and were fed a standard canine diet at 
regular times daily. A 7-day acclimatization 
period was provided before the experiment.

The sample size of 27 beagles was de-
termined based on animal availability and 
adherence to the 3R principles. This sample 
size was consistent with those used in similar 
exploratory studies in the field of veterinary 
imaging.

Experimental methods

The experimental protocol was approved 
by the Ethics Committee of the 988th Hospi-
tal of the Joint Logistic Support Force of the 
People’s Liberation Army (decision number: 
988YY20240033LLSP, date: March 6, 2024). 
All experimental procedures strictly com-
plied with the Regulations for the Adminis-
tration of Laboratory Animals and the Animal 
Research: Reporting of In Vivo Experiments 
guidelines to minimize animal suffering.

Animal model establishment

Pneumothorax model (n = 9): Beagles 
were intravenously anesthetized with propo-

fol (6–8 mg/kg) and underwent endotracheal 
intubation, with anesthesia maintained us-
ing 1.5%–2.5% isoflurane. During the proce-
dure, heart rate, blood pressure, respiratory 
rate, oxygen saturation, electrocardiogram 
(ECG), and body temperature were continu-
ously monitored. Butorphanol (0.2–0.4 mg/
kg) was administered for analgesia. The bea-
gles were placed in the left lateral decubitus 
position. A puncture drainage catheter was 
used to perform thoracentesis in the right 
sixth intercostal space. Filtered air was slowly 
injected into the pleural cavity at a volume of 
3–5 mL/kg using a 50-mL syringe. After cath-
eter removal, the puncture site was sealed 
with adhesive tape.

Pleural effusion model (n = 9): Beagles 
were intravenously anesthetized with propo-
fol (6–8 mg/kg) and underwent endotrache-
al intubation, with anesthesia maintained 
using 1.5%–2.5% isoflurane. Intraoperative 
monitoring included heart rate, blood pres-
sure, respiratory rate, oxygen saturation, 
ECG, and body temperature. Butorphanol 
(0.2–0.4 mg/kg) was administered for anal-
gesia. The beagles were positioned in the left 
lateral decubitus position. Thoracentesis was 
performed in the right sixth intercostal space 
using a puncture drainage catheter. Normal 
saline was slowly injected into the pleural 
cavity at a volume of 3–5 mL/kg using a 50-
mL syringe. The catheter was then removed, 
and the puncture site was sealed with adhe-
sive tape.

Rib fracture model (n = 9): Beagles were 
intravenously anesthetized with propofol 
(6–8 mg/kg) and underwent endotracheal 
intubation, with anesthesia maintained us-
ing 1.5%–2.5% isoflurane. Vital signs, includ-
ing heart rate, blood pressure, respiratory 
rate, oxygen saturation, ECG, and body tem-
perature, were continuously monitored. Bu-
torphanol (0.2–0.4 mg/kg) was administered 
for perioperative analgesia. The animals were 
placed in the left lateral decubitus position. 
The right chest wall was disinfected with po-
vidone-iodine. At approximately 10 cm from 
the sternal end of the 5th intercostal space, 
the 4th, 5th, and 6th ribs were transected. Be-
fore closing the chest, residual air was evacu-
ated from the right pleural cavity to prevent 
iatrogenic pneumothorax.

Humane end points

The following humane end points were 
pre-established: (1) severe respiratory dis-
tress (respiratory rate > 60 breaths/minute or 
cyanosis); (2) uncontrolled persistent bleed-
ing; (3) inability to stand or cessation of spon-

Main points

•	 This study directly compares portable 
handheld digital radiography (DR), mobile 
DR, and conventional chest X-ray in beagle 
models of pneumothorax, pleural effusion, 
and rib fracture.

•	 Key findings demonstrate that although all 
three methods show comparable diagnostic 
accuracy, portable handheld DR offers sig-
nificantly superior image quality compared 
with conventional chest X-ray and the short-
est examination time among all modalities. 

•	 These results confirm the high clinical value 
of portable handheld DR. Its combination of 
diagnostic efficacy, speed, and portability 
provides crucial support for emergency im-
aging in challenging environments, such as 
disaster zones and field medicine.
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taneous eating and drinking within 24 hours; 
and (4) body weight loss exceeding 20%. If 
any of these end points occurred, the animal 
was immediately euthanized by an overdose 
of sodium pentobarbital (100 mg/kg, intrave-
nous injection).

Initially, a total of 27 beagles were includ-
ed in the experiment, and by the end of the 
study, 21 animals were successfully modeled. 
The exclusions were as follows: in the pneu-
mothorax group, two beagles were excluded 
due to incomplete imaging data; in the pleu-
ral effusion group, one beagle died from an 
anesthetic accident, and one was excluded 
due to incomplete data; in the rib fracture 
group, one beagle was excluded due to post-
operative wound infection, and one died 
from an anesthetic accident (Figure 1). 

X-ray examination

All beagles underwent conventional chest 
X-ray, mobile DR, and portable handheld DR 
examinations. 

Conventional chest X-ray was performed 
using a F51-5C Medical diagnostic X-ray ma-
chine (Wandong, Beijing, China) at 66 kV, 200 
mA, with a single exposure time of 0.03 sec-
onds. Mobile DR (DRX-Rise) was performed 
at 85 kV, 320 mA, with an exposure time of 
0.02 seconds. Portable handheld DR (70 kV, 
2 mA) was performed with a single exposure 
time of 0.2 seconds; the device weighed ≤ 2.5 
kg (Figure 2). All images were acquired in a 
standard posteroanterior projection during 
end-inspiration, with the focal distance set 
at 150 cm for conventional chest X-ray and 
mobile DR and at 100 cm for handheld DR. To 
ensure model stability, the interval between 
each examination was controlled within 5 
minutes.

In strict accordance with standard X-ray 
examination protocols, conventional pos-
teroanterior projections of the thoracoab-
dominal region were obtained for all beagles. 
Following image acquisition, all radiographs 
were independently reviewed by at least two 
senior radiologists who were blinded to the 
imaging modality to avoid observer bias. 
The reading sequence was randomized for 
each radiologist, and the two radiologists 
reviewed the images independently without 
any communication or mutual influence to 
ensure the independence of the reading pro-
cess. To assess interobserver consistency, the 
kappa (κ) statistic was used: a κ value > 0.75 
indicated excellent consistency, 0.40–0.75 in-
dicated moderate to good consistency, and 
< 0.40 indicated poor consistency. A final 
diagnosis was established upon consensus 

between the two radiologists. In cases of 
discrepancy, a third senior radiologist was in-
vited to review the images jointly to reach a 
final consensus.

Observation indicators

Detection rates

Imaging data from all animals were col-
lected and independently reviewed by two 
senior radiologists using a double-blind 
method. Using surgical findings as the gold 
standard, the number of true-positive detec-
tions for each of the three examination meth-
ods was recorded, and the detection rate was 
calculated as follows: detection rate = (num-
ber of positive detections/ total number of 
cases) × 100%. In cases of disagreement be-
tween the two radiologists regarding inter-
pretation, a consensus was reached through 
group discussion to ensure the accuracy and 
objectivity of the statistical results.

Grading evaluation of image quality

The evaluation criteria were as follows: 
Grade A (fully met diagnostic requirements, 
correct positioning, clear image with optimal 
contrast, and free from blurring or artifacts); 

Grade B (met diagnostic requirements, cor-
rect positioning, relatively clear image, with 
minimal blurring or artifacts); Grade C (basi-
cally met diagnostic requirements, subopti-
mal positioning, moderate image clarity and 
discernibility, with noticeable blurring, arti-
facts, or noise); non-diagnostic (did not meet 
diagnostic requirements, poor positioning, 
severely blurred image, with significant ar-
tifacts or noise). The same two radiologists 
independently graded all images based on 
these criteria. The proportions of Grade A, 
Grade B, Grade C, and non-diagnostic images 
for each of the three examination methods 
were calculated to compare imaging quality 
differences across the different devices.

Examination times

The examination times for the three 
methods were recorded and compared. Ex-
amination time was defined as the entire 
process from the start of animal positioning 
to the completion of image acquisition and 
confirmation that the images met diagnostic 
quality standards. By analyzing and com-
paring differences in operational efficiency 
among the three devices, their applicability 
in emergency or bedside settings was eval-
uated.

Figure 1. Animal model establishment.

Figure 2. Imaging of devices: conventional chest X-ray device (a), mobile DR (b), and a portable handheld 
DR (c). DR, digital radiography.

a b c
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Statistical analysis

Statistical analysis was performed using 
SPSS version 26.0. Count data were present-
ed as frequencies and percentages [n (%)] 
and analyzed using Cochran’s Q test. Ranked 
data were assessed using the nonparametric 
Friedman test. Measurement data were ex-
pressed as mean ± standard deviation and 
analyzed using repeated-measures analysis 
of variance, with post-hoc pairwise compar-
isons conducted using the least significant 
difference t-test. A value of P < 0.05 was con-
sidered statistically significant.

Results 

Detection rates of thoracic trauma

The detection rates for thoracic trauma 
varied across the three examination meth-
ods (Table 1). Mobile DR demonstrated the 
highest detection rate at 85.71%, followed 
by portable handheld DR (80.95%) and con-
ventional chest X-ray (66.67%). However, 
despite the apparent numerical advantage 
of the mobile and portable handheld DR 
methods, the differences among the three 
groups did not reach statistical significance 
(P > 0.05). This suggests that although por-
table handheld DR may offer comparable 
diagnostic performance, the current sample 
size may be insufficient to detect a true dif-
ference. 

Image quality assessment

Image quality grades for the three exam-
ination methods are presented in Table 2. 
Both mobile DR and portable handheld DR 
demonstrated significantly higher image 
quality than conventional chest X-ray. The 
differences were statistically significant (P < 
0.05, Table 2). However, the difference in im-
age quality between mobile DR and portable 
handheld DR was not statistically significant 
(P > 0.05), indicating that both mobile DR 
and portable handheld DR provided compa-
rable image quality that was superior to con-
ventional chest X-ray.

Examination time

The total examination times for the three 
examination methods are presented in 
Table 3. Conventional chest X-ray had the 
longest examination time (10.40 ± 0.96 min-
utes), followed by mobile DR (8.37 ± 0.80 
minutes), whereas portable handheld DR 
was the fastest (7.07 ± 0.67 minutes). The 
overall differences among the three meth-
ods were highly significant (P < 0.001). Pair-
wise comparisons revealed that both mobile 

DR and portable handheld DR significantly 
reduced examination time compared with 
conventional chest X-ray (P < 0.05). Further-
more, portable handheld DR was significant-
ly faster than mobile DR (P < 0.05).

Discussion
In this study, the fracture detection rate 

of portable handheld DR showed no statis-
tically significant difference compared with 
conventional chest X-ray or mobile DR, and 
its image quality was comparable to that 
of conventional DR (P > 0.05). However, it 
demonstrated a significantly faster examina-
tion speed. Acute thoracic trauma is often 
more complex, progresses more rapidly, and 
is more difficult to diagnose than ordinary 
trauma, necessitating accurate and efficient 
diagnostic tools. The resulting critical condi-
tions are frequently life-threatening, and de-
layed diagnosis and treatment may lead to 
death from hemorrhagic shock or respiratory 
failure within a short period.5 DR technology 
enables rapid acquisition of high-resolution 

images without requiring special patient 
cooperation. Its simple workflow, low radia-
tion dose, and ease of storage substantially 
streamline emergency care and save valu-
able time for patient management.

Previous studies have shown that porta-
ble handheld DR devices could be used for 
tuberculosis screening, with image quality 
comparable with that of digital X-ray ma-
chines commonly used in medical facilities. 
Moreover, portable handheld DR devices 
were easy to operate and could be transport-
ed to any location.4 Chest X-rays obtained 
using camera-type portable X-ray devices 
could be used for clinical evaluation of in-
dwelling instruments.6 Due to their high 
mobility and operational simplicity, portable 
DR devices enable rapid diagnosis in chal-
lenging conditions. Their outstanding emer-
gency response capability makes them the 
preferred imaging modalities for military and 
disaster rescue scenarios.7 The present study 
found no significant difference between por-
table handheld DR and mobile DR in terms 

Table 1. Comparison of detection rates among the three examination methods

Method Conventional X-ray Mobile DR Portable handheld DR Q P

Pneumothorax 
(n = 7) 5 6 5 1.000 0.607

Pleural effusion 
(n = 7) 5 6 6 0.500 0.779

Rib fracture (n = 7) 4 6 6 2.000 0.368

Missed diagnosis 7 3 4

Positive detection 
rate [% (n/m)] 66.67% (14/21) 85.71% (18/21) 80.95% (17/21) 2.600 0.273

95% CI (0.447, 0.887) (0.694, 1.020) (0.626, 0.810)

DR, digital radiography; CI, confidence interval.

Table 2. Comparison of the image quality of the three examination methods

Method Grade A Grade B Grade C Non-diagnostic 95% CI

Conventional X-ray 14 5 2 0 (1.12, 1.74)

Mobile DR 20 1 0 0 (0.95, 1.15)

Portable handheld DR 19 2 0 0 (0.96, 1.23)

χ2 7.750

P 0.021

DR, digital radiography; CI, confidence interval.

Table 3. Comparison of examination times among the three examination methods

Method Examination time (min) 95% CI

Conventional X-ray 10.40 ± 0.96 (9.968, 10.845)

Mobile DR 8.37 ± 0.80a (8.008, 8.737)

Portable handheld DR 7.07 ± 0.67ab (6.771, 7.378)

F 89.367

P <0.001
aP < 0.05 vs. conventional X-ray; bP < 0.05 vs. mobile DR. DR, digital radiography; CI, confidence interval.
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of fracture detection rate and image quality. 
Research by Audin et al.8 also confirmed that 
wireless portable DR can provide clinical in-
formation equivalent or superior to comput-
ed radiography in bedside chest radiography 
in the intensive care unit (ICU). Furthermore, 
the latest portable dynamic DR technology 
has expanded the functional applications of 
bedside chest imaging, offering new tools 
for the rapid assessment of trauma patients.9 
Collectively, these studies support the clini-
cal value of portable DR in the diagnosis of 
thoracic trauma, particularly its advantages 
in specialized settings such as emergency 
departments, ICUs, and disaster sites. The de-
vice features an integrated design with low 
radiation dose (leakage ≤ 2.4 μGy/hour at 1 
minute), high safety, lightweight construc-
tion, and palm-sized operability, providing 
reliable imaging support for emergency sce-
narios.

This study has several limitations. First, 
the diagnostic value of portable handheld 
DR was investigated only in a beagle animal 
model, and no human clinical studies have 
been conducted, which limits the general-
izability of the results to clinical practice. In 
addition, the long-term stability and practi-
cality of the device in extreme environments, 
complex trauma types, and mass-casualty 
scenarios have not been thoroughly evaluat-
ed. Further validation through large-sample, 
multicenter clinical studies is warranted.

Conclusion
In summary, portable handheld DR of-

fers simple operation and high portability, 
enabling rapid deployment in complex 
emergency settings. While ensuring safety 
and diagnostic efficacy, it can meet basic 
imaging needs in first-aid scenarios. Its 
significant application potential in envi-
ronments lacking fixed equipment, such as 
disaster relief sites and field medical rescue 
operations, provides crucial support for 
optimizing imaging equipment allocation 
and emergency procedures in these con-
texts.
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Dear Editor, 

I congratulate Salbas and Koc on their pioneering analysis of Turkish radiology residency 
theses.1 It demonstrates improved thesis publication rates but also highlights several ongoing 
challenges in the academic training ecosystem.

Although 37.1% of theses have been published, only around 20.8% of all theses yielded a 
Science Citation Index Expanded (SCIE)-indexed article, with just 6.2% in a top-quartile (Q1/
Q2) journal.1 In short, much of the residency research fails to reach high-impact journals.

Another notable finding is the paucity of high-level evidence studies. In total, 86.7% of 
theses were retrospective, with only 13% prospective.1 Prospective (especially multicenter) 
projects are harder to conduct during residency, yet such studies achieve higher publication 
rates and tend to appear in better journals. This dominance of retrospective work suggests 
systemic barriers (time, resources, mentorship) limiting more ambitious prospective research.

The study also found disparities by institution and authorship. University hospital theses 
received significantly more citations than those from training hospitals, indicating an aca-
demic resource gap.1 Moreover, although residents were first authors on 76.4% of papers, 
these papers took longer to publish and garnered fewer citations, whereas papers with advi-
sors as the first author more often appeared in SCIE journals and were published faster.1 This 
finding underscores the critical role of active senior mentorship and guidance throughout the 
publication process, as demonstrated in prior research.2

Important subspecialties are underrepresented: only 1.6% of theses focused on imaging 
physics and radiation safety and just 1.6% on obstetric radiology.1 Limited resident exposure 
and reliance on other departments for certain services (e.g., obstetric ultrasound) likely con-
tribute to this gap. However, this is concerning, as physics and radiation safety are fundamen-
tal for imaging quality, and inadequate obstetric imaging training can affect patient care.3-5 
These niche but critical fields deserve greater attention in thesis research.

I propose several remedies: 1) implement national mentorship and writing workshops for 
residents to strengthen research design and manuscript skills—experienced supervision is 
associated with higher thesis publication success;6 2) incentivize prospective and multicenter 
thesis projects (via funding, protected time, or academic credit), as rigorous studies are more 
likely to yield high-impact publications;  3)  establish a national thesis registry or standards 
to ensure methodological quality, avoid duplication, and foster multicenter collaborations. 
These steps would help elevate the scholarly output and impact of residency research.

In conclusion, this timely analysis by Salbas and Koc1 illuminates the progress and chal-
lenges in radiology residency research in Türkiye. By strengthening mentorship, promoting 
prospective multi-institution studies, and instituting national quality standards, we can en-
hance the academic output of future radiologists and their contributions to the literature. 
Future studies could also explore additional individual-level factors, such as thesis length, 
residents’ prior publication experience, time since medical school graduation, and residents’ 
age, which may further influence thesis-to-publication conversion and scientific impact. Un-
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derstanding these factors may help tailor 
mentorship strategies and optimize research 
training during residency. 
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Dear Editor,

We thank the authors for their valuable and constructive comments on our article.1,2 The 
points highlighted in their letter strongly support one of the primary objectives of our study: 
improving the academic training ecosystem in radiology.

The high proportion of retrospective studies identified in our research, together with publi-
cation trends showing residents as first authors, confirms the need for mentorship mentioned 
in the letter. In particular, the approximately 5.5-fold increase in radiology residency quotas 
since 2022 is expected to disproportionately increase the number of residents relative to fac-
ulty members.3 Furthermore, according to data from the Organisation for Economic Co-oper-
ation and Development, Türkiye ranked first worldwide in 2024 for the number of magnetic 
resonance imaging (MRI) and computed tomography examinations per 1,000 population, as 
well as the number of examinations per MRI scanner.4 Given this escalating clinical workload, 
maintaining a sustainable balance between residency education and clinical service obliga-
tions is becoming increasingly challenging. This imbalance may be associated with reduced 
academic productivity and could plausibly affect the quality of scientific output in radiology. 
Therefore, effective mentorship practices, together with strengthened institutional research 
infrastructure, are likely to become even more critical in the future.

We suggest that proposals to encourage prospective and multicenter projects, along with 
the establishment of a national thesis registry and standardized thesis guidelines, would sub-
stantially improve the quality of academic output. In addition, addressing the low representa-
tion rate (1.6%) in subspecialties such as imaging physics and obstetric radiology should be a 
priority in residency training policies. These fields are essential for ensuring radiation protec-
tion, quality assurance, and maternal–fetal safety. Notably, our study found that despite being 
the least chosen topic, imaging physics and radiation safety had the highest publication rate, 
at 51.0% (25/49).1 This suggests considerable academic potential in this area, possibly related 
to the availability of standardized datasets and objective measurement parameters in phys-
ics-based research. Residents should be actively encouraged to pursue research in this area.

In conclusion, we thank the authors once again for their insightful contributions. We be-
lieve that such dialogue will meaningfully enhance the academic quality and discourse within 
the Turkish radiology community. Their suggested parameters for future research are high-
ly valuable for expanding the existing literature. Finally, we reiterate that residency theses 
should not be viewed merely as graduation requirements, but as foundational opportunities 
to foster scientific thinking, research skills, and sustained academic engagement. 
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PURPOSE
Orbital lymphomas share overlapping clinical and radiological features with immunoglobulin 
G4-related orbital disease (IgG4-ROD) and granulomatous orbital diseases, which may lead to di-
agnostic delays. This study aims to evaluate the added diagnostic value of the transverse relaxation 
time (T2) signal ratio when combined with apparent diffusion coefficient (ADC) measurements in 
distinguishing orbital lymphoma from inflammatory mimickers.

METHODS
In this retrospective study, two blinded radiologists independently measured T2 signal ratios (le-
sion to cerebral cortex), ADC values, and ADC ratios on pretreatment orbital magnetic resonance 
imaging scans of 58 patients (21 lymphomas, 21 IgG4-ROD, 16 granulomatous inflammation). Mea-
surements were performed on axial images at the lesion’s maximal diameter. Regions of interest 
were manually drawn to cover the entire lesion, avoiding necrosis and edges. Diagnostic perfor-
mance was assessed using receiver operating characteristic curve analysis, with optimal cut-off 
values determined by Youden’s index. The ADC ratio (≤1) and T2 signal ratio (>0.88) were combined 
using OR (either positive) and AND (both positive) rules. Interobserver agreement was evaluated 
using intraclass correlation coefficients (ICC).

RESULTS
All measurements showed statistically significant differences between the two cohorts. Reviewer 
1’s ADC ratio measurements demonstrated excellent diagnostic performance, with an area under 
the curve (AUC) of 0.920 (85.7% sensitivity and 86.5% specificity at the optimal cut-off of ≤1). In 
comparison, T2 signal ratios showed moderate diagnostic value (AUC: 0.726; 80.95% sensitivity and 
64.86% specificity at a cut-off >0.88). The combination of both parameters significantly improved 
diagnostic accuracy: the OR rule (ADC ≤1 or T2 >0.88) increased sensitivity to 95.2%, whereas the 
AND rule (ADC ≤1 and T2 >0.88) increased specificity to 94.6%. Interobserver reliability was excel-
lent, with ICC values ranging from 0.969 to 0.985.

CONCLUSION
Although diffusion imaging remains the primary discriminator for orbital lymphoma, the T2 signal 
ratio considerably enhances diagnostic confidence, particularly in borderline ADC cases.

CLINICAL SIGNIFICANCE
Incorporating T2 signal ratio measurements adds minimal workflow burden in routine clinical prac-
tice and provides a practical tool for differentiating lymphoma from IgG4-ROD and granulomatous 
inflammatory mimics.

KEYWORDS
Granulomatous inflammation, immunoglobulin G4-related disease, lymphoma, magnetic reso-
nance imaging, orbit
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Orbital lymphoma is the most com-
mon orbital neoplasm in adults, 
with extranodal marginal zone lym-

phoma of mucosa-associated lymphoid tis-
sue (MALT) being the most frequent histo-
pathological subtype.1 Differentiating orbital 
lymphoma from inflammatory mimickers is 
crucial because treatment implications and 
prognosis differ. Orbital lymphomas are pri-
marily treated with low-dose radiotherapy 
(20–30 Gy), whereas combined-modality 
therapy with systemic agents (e.g., rituximab 
or chemotherapy) is required for aggressive 
subtypes. In contrast, inflammatory condi-
tions [e.g., immunoglobulin G4-related orbit-
al disease (IgG4-ROD)] often respond well to 
corticosteroid therapy.2,3

Clinical manifestations are largely 
non-discriminating, and intraorbital location 
may interfere with obtaining adequate tis-
sue samples for histopathologic evaluation. 
Magnetic resonance imaging (MRI) has an 
established role in preoperative discrimi-
nation. Several prior studies have reported 
descriptive and quantitative MRI features 
for differentiating orbital lymphoma from 
inflammatory diseases, including margin 
characteristics, diffusion, and perfusion pat-
terns.3-6 Nevertheless, studies comparing 
lymphoma with specific entities of orbital 
inflammation remain sparse.7

Orbital inflammation is an umbrella term 
that includes idiopathic orbital inflammation 
(IOI) and specific entities with established di-
agnostic criteria, such as IgG4-ROD. IOI can 
be more readily differentiated from orbital 
lymphoma both clinically and radiologi-
cally, as it typically presents with pain and 
demonstrates an infiltrative pattern without 
restricted diffusion.8 However, IgG4-ROD and 

granulomatous orbital inflammation share 
overlapping clinical and radiological features 
with lymphoma, such as mass-like involve-
ment and relatively low apparent diffusion 
coefficient (ADC) values.9-11 Therefore, the 
role of diffusion-weighted imaging (DWI) in 
distinguishing orbital lymphoma from these 
specific inflammatory entities may be limit-
ed, necessitating additional imaging discrim-
inators.

IgG4-ROD and granulomatous inflamma-
tions usually appear hypointense on trans-
verse relaxation time (T2)-weighted images 
due to fibrosis and granulomas, respective-
ly.12 In contrast, orbital lymphomas have 
mostly been reported to demonstrate iso- or 
hyperintense T2 signals in previous stud-
ies.1,13 Thus, T2 signal intensity may serve as 
a useful discriminator between orbital lym-
phoma and these inflammatory entities. 

In this study, we aim to retrospectively 
assess the diagnostic performance of ADC 
values, T2 signal intensity measurements, 
and their combination in differentiating or-
bital lymphoma from its most challenging 
mimickers: IgG4-ROD and granulomatous 
diseases. 

Methods

Patients

This retrospective study was conducted 
with approval from the Hacettepe Univer-
sity Health Sciences Research Ethics Board, 
with a waiver of informed consent (SBA 
24/1115/2024, date: 27.11.2024). Orbital MRI 

reports dictated in the radiology department 
between January 2016 and January 2024 
were searched for the keywords “lympho-
ma,” “intraorbital mass,” “inflammation,” and 
“granulomatous”. An additional retrospective 
search was conducted in the rheumatology 
department database to identify patients di-
agnosed with orbital IgG4-ROD, granuloma-
tous polyangiitis (GPA), or sarcoidosis. 

The inclusion criteria were as follows: 1) 
patients with an orbital mass or infiltration 
detected by MRI; 2) patients meeting estab-
lished diagnostic criteria and/or having a his-
topathologic diagnosis of IgG4-related dis-
ease14 or granulomatous diseases, including 
GPA15 and sarcoidosis;16 3) patients with a his-
topathologic diagnosis of orbital lymphoma; 
4) patients who underwent orbital MRI at the 
onset of orbital disease. A total of 36 patients 
with orbital lymphoma, 26 patients with 
IgG4-ROD, 10 patients with GPA, 5 patients 
with sarcoidosis, and 1 patient with fungal 
granulomatous angiitis were identified. 

The exclusion criteria were as follows: 1) 
MRI performed after biopsy and/or corti-
costeroid use, 2) secondary orbital lympho-
ma, 3) technically inadequate scans, and 
4) scans without DWI. A total of 15 patients 
with orbital lymphoma (14 with secondary 
lymphoma, 1 with a technically inadequate 
scan) and 5 patients with IgG4-ROD (3 with-
out DWI, 1 with corticosteroid use, 1 with a 
technically inadequate scan) were excluded. 
The final study group (Figure 1) comprised 
21 patients with primary orbital lymphoma 
(9 women and 12 men; age range 9-86 years; 

Main points

•	 Apparent diffusion coefficient (ADC) values 
demonstrate superior diagnostic perfor-
mance for lymphoma detection, but the 
overlap with immunoglobulin G4-related 
orbital disease (IgG4-ROD) and granuloma-
tous diseases necessitates additional imag-
ing markers. 

•	 Transverse relaxation time (T2) hypointensi-
ty in IgG4-ROD and granulomatous diseases 
versus intermediate T2 signal intensity in 
lymphomas provides complementary diag-
nostic value when ADC findings are equiv-
ocal. 

•	 The combined ADC and T2 approach relies 
on routine magnetic resonance imaging se-
quences without requiring advanced proto-
cols, offering a clinically practical solution to 
guide treatment decisions. Figure 1. Flowchart of patient selection. IgG4-ROD, immunoglobulin G4-related orbital disease; GPA, 

granulomatous polyangiitis.
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median 58.4 years), 21 patients with IgG4-
ROD (13 women and 8 men; age range 4-65 
years; median 37 years), 10 patients with or-
bital GPA (7 women and 3 men; age range 
11-64 years; median 41.5 years), 5 patients 
with sarcoidosis (5 women; age range 26-59 
years; median 44 years), and 1 patient with 
fungal granulomatous angiitis (78-year-old 
woman).

Magnetic resonance imaging examination

MR studies were performed using either 
1.5 T or 3 T MR scanners (Philips Healthcare, 
Best, the Netherlands; GE Healthcare, Mil-
waukee, WI, USA; and Siemens, Erlangen, 
Germany). The orbital MRI protocol included 
coronal and axial T1-weighted images, cor-
onal and axial T2-weighted images with fat 
saturation, post-contrast axial and coronal 
T1-weighted images with fat saturation, and 
axial DWI. 

The parameters for fat-saturated 
T2-weighted images were as follows: rep-
etition time (TR)/echo time (TE): 5,680–
2,720/100–80 ms, field of view (FOV): 215 
× 215–120 × 105 mm, slice thickness/gap: 
3–4/3.3–4.6 mm, number of excitations 
(NEX): 2–3, and matrix: 320 × 302–612 × 768. 
DWI was acquired using single-shot spin-
echo echo planar imaging with the following 
parameters: TR/TE: 6,188–2,400/116–73 ms; 
slice thickness: 3–5 mm; flip angle: 90°; FOV: 
267 × 227–160 × 100 mm; NEX: 2–12; matrix 
256 × 256–128 × 128; and b values of 0 and 
1,000 sec/mm2. 

Image analysis

The images were reviewed by two head 
and neck radiologists (Reviewer 1 and Re-
viewer 2, with 11 and 7 years of experience, 
respectively), both blinded to the clinical 
diagnosis.  Descriptive features, including 
laterality and location, were assessed by con-

sensus.  When both sides were affected, the 
larger area of involvement was selected for 
quantitative analysis. Quantitative analysis 
included T2 signal and ADC measurements. 
Measurements were made independently 
on axial planes at the level of maximal lesion 
diameter. Regions of interest (ROIs) were 
drawn manually to cover the entire lesion, 
avoiding cystic or necrotic areas by refer-
encing post-contrast T1-weighted images. 
Lesion edges were excluded to reduce the 
effects of partial volume and susceptibility 
artifacts. The mean ROI sizes drawn by Re-
viewers 1 and 2 were as follows: for Review-
er 1, the T2 signal ROI was 2.62 cm2 (range: 
0.3–9.38 cm2), and the ADC ROI was 2.56 cm2 
(range: 0.16–9.32 cm2). For Reviewer 2, the 
T2 signal ROI was 2.08 cm2 (range: 0.25–7.36 
cm2), and the ADC ROI was 1.84 cm2 (range: 
0.23–5.81 cm2).

 The ratios of T2 signal (lesion to mean T2 
signal cortex) and ADC (lesion to mean ADC 
cortex) were calculated for each patient. The 
mean T2 signal cortex and ADC cortex values 
were derived from three separate cerebral 
cortical measurements taken on the same 
axial plane where lesion T2 signal and ADC 
values were measured. For cortical reference 
values, three circular ROIs (0.04–0.15 cm2) 
were placed in areas with optimal gray–
white matter differentiation, carefully avoid-
ing white matter and sulci (Figure 2). 

 Statistical analysis 

Statistical analysis was performed using 
IBM SPSS Statistics 23.0 (IBM Corp., Armonk, 
NY, USA). Categorical variables were com-
pared using the chi-square test or Fisher’s 
exact test, as appropriate. The Kolmogorov–
Smirnov test was used to assess the normality 
of continuous variables. Normally distributed 
variables were presented as mean ± stand-
ard deviation, and group comparisons were 
made using independent samples t-tests. 

Receiver operating characteristic (ROC) curve 
analysis was performed to evaluate the di-
agnostic performance of T2 signal ratios and 
ADC values/ratios in differentiating orbital 
lymphoma from orbital inflammation. Opti-
mal cut-off values were determined using the 
Youden index, an objective criterion that bal-
ances diagnostic test performance by iden-
tifying the threshold that maximizes both 
sensitivity and specificity simultaneously, 
corresponding to the point on the ROC curve 
nearest the upper-left corner (representing 
perfect discrimination). Based on these cut-
off points, the two variables were converted 
into binary outcomes and combined using: 
(1) the “OR rule” (positive if either parameter 
was positive) and (2) the “AND rule” (positive 
only if both parameters were positive). The 
sensitivity and specificity of each combined 
test were calculated. Inter-rater reliability was 
assessed using intraclass correlation coeffi-
cients (ICC). A P value of <0.05 was consid-
ered statistically significant. 

Findings

 A total of 86% of patients with primary 
orbital lymphoma had low-grade non-Hodg-
kin lymphoma, and MALT lymphoma consti-
tuted 57% of all cases. The mean age of pa-
tients with lymphoma (58.48 ± 21.18 years) 
was higher than that of patients with orbital 
inflammatory diseases (40.54 ± 19.06 years) 
(P = 0.002). No significant difference in gen-
der distribution was observed between the 
lymphoma and inflammatory cohorts. Com-
parative analyses of descriptive findings are 
presented in Table 1. The majority of patients 
with lymphoma (n = 19, 90.5%) showed 
unilateral involvement, demonstrating a 
statistically significant predominance over 
inflammatory etiologies (P = 0.02). Although 
extraconal fat involvement was observed in 
both cohorts, it was more frequent in inflam-
matory cases (P = 0.036). 

Figure 2. Representative example of lesion and reference cortical measurements in a patient with orbital lymphoma; using an axial fat-saturated post-contrast T1-
weighted image (a) as a reference, manual regions of interest (ROIs) were placed to avoid cystic/necrotic components and lesion margins on the axial fat-saturated 
T2-weighted image (b) and apparent diffusion coefficient map (c); reference cortical ROIs were positioned in normal-appearing cortex while carefully avoiding 
white matter and sulci.

a b c
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MRI examinations were performed using 
3 T scanners for 10 patients (3 lymphoma, 
7 inflammatory) and 1.5 T scanners for 48 
patients (18 lymphoma, 30 inflammatory). 
Mean T2 signal ratios and mean ADC values 
and ratios for each reviewer are presented in 
Table 2.  All measurements showed statisti-
cally significant differences between the two 
cohorts (P < 0.05). Lymphomas demonstrat-
ed significantly lower ADC values/ratios and 
higher T2 signal ratios than inflammatory 
lesions. Interobserver variability in measure-
ments showed excellent agreement, with ICC 
values ranging from 0.969 to 0.985. 

ROC analysis using measurements from 
both reviewers is presented in Figure 3. 
The highest diagnostic performance was 
achieved by the ADC ratio measurements 
from Reviewer 1, with an area under the 
curve (AUC) of 0.920 (95% CI: 0.818–0.975, 

P < 0.001). Using the optimal cut-off (≤1), it 
demonstrated 85.7% sensitivity and 86.5% 
specificity, with an overall accuracy of 86.2%. 
The positive and negative predictive values 
were 78.3% and 91.4%, respectively. 

The T2 signal ratio demonstrated moder-
ate diagnostic performance, with an AUC of 
0.726 (95% CI: 0.592–0.86, P = 0.001) for Re-
viewer 1. At the optimal cut-off (>0.88), the 
test achieved 80.95% sensitivity and 64.86% 
specificity, yielding an overall accuracy of 
70.7%, with positive and negative predictive 
values of 56.7% and 85.7%, respectively. 

The OR rule combination (applying either 
ADC ratio ≤1 or T2 signal ratio >0.88) showed 
a sensitivity of 95.2% and specificity of 
56.8%. The AND rule combination (requiring 
both ADC ratio ≤1 and T2 signal ratio >0.88) 
resulted in a sensitivity of 71.4% and specific-
ity of 94.6%.

Discussion
This study demonstrates that combining 

the T2 signal ratio with ADC values consid-
erably improves differentiation between 
orbital lymphoma and its challenging in-
flammatory mimics, particularly IgG4-ROD 
and granulomatous inflammation (Figure 4). 
The ADC ratio demonstrated superior diag-
nostic performance (AUC: 0.920; sensitivity: 
85.7%; specificity: 86.5%), confirming the 
role of DWI as the primary discriminator for 
lymphoma detection. Although the T2 signal 
ratio alone exhibited only moderate discrim-
inatory capability (AUC: 0.726; sensitivity: 
80.95%; specificity: 64.86%), its integration 
with ADC values enhanced diagnostic power 
through complementary effects: the OR rule 
achieved 95.2% sensitivity, whereas the AND 
rule demonstrated 94.6% specificity.

﻿Consistent with the known epidemiol-
ogy of orbital lymphomas, which typically 
present in the 6th to 7th decades, our patients 
with lymphoma were significantly older than 
those with inflammatory disease (P = 0.002), 
as previously documented.4,5 Our findings 
also align with earlier studies demonstrating 
the predominance of unilateral involvement 
in orbital lymphoma.4,17 Although extracon-
al space involvement was frequent in the 
lymphoma group, supporting the findings 
of Priego et al.17, we observed it to be more 
prevalent in inflammatory cases (P = 0.036). 

Both reviewers demonstrated signifi-
cantly lower mean ADC values and ratios in 
lymphoma (P < 0.001). These findings align 
with prior studies employing various DWI 
techniques, including single-shot echo-pla-
nar imaging (EPI), turbo spin-echo DWI, 
and diffusion-sensitized driven-equilibrium 
preparation.4,6,7,18 Although non-EPI DWI 
techniques offer advantages over conven-
tional EPI—such as reduced susceptibility 
artifacts and geometric distortion—all ap-
proaches consistently demonstrate lympho-
ma’s characteristic ADC reduction compared 
with IgG4-ROD and other inflammatory con-
ditions. These findings support the diagnos-
tic utility of DWI independent of technique, 
although standardization of protocols could 
further improve its clinical application. De-
spite DWI’s established role in differentiat-
ing orbital lymphoma from inflammatory 
mimickers, diagnostic challenges persist in 
certain cases. This challenge is especially evi-
dent in IgG4-ROD and granulomatous orbital 
diseases, where ADC values are frequently 
reduced compared with IOI. Notably, lacri-
mal gland involvement in IgG4-ROD often 
demonstrates ADC values below 600 × 10-6 

Table 1. Comparison of descriptive characteristics

Lymphoma (%) Inflammation (%) P value

Laterality
 Unilateral
 Bilateral 

19 (90.5%)
2 (9.5%)

23 (62.2%)
14 (37.8%)

0.02

Location
 Extraconal space only
 Intraconal space only
 Both extra- and intraconal space 
 Muscle cone only

12 (57.1%)
3 (14.3%)
5 (23.8%)
1 (4.8%)

24 (64.9%)
0
13 (35.1%)
0

0.036

Figure 3. Receiver operating characteristic curve analysis evaluating the diagnostic performance of 
apparent diffusion coefficient (ADC) and transverse relaxation time (T2) signal ratio measurements between 
reviewers (a); ADC ratio measurements by Reviewer 1 demonstrated superior diagnostic performance, with 
an area under the curve (AUC) of 0.920 (P < 0.001) (b); among T2 signal ratio measurements, Reviewer 1’s 
results showed moderate diagnostic value, with an AUC of 0.726 (P = 0.001) (c).
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mm2/s.10,11 Granulomatous inflammations 
may similarly exhibit ADC values overlapping 
with lymphoma.19 For cases with indetermi-
nate ADC measurements, additional discrim-
inative imaging features become essential 
to accurately distinguish lymphoma from 
IgG4-ROD and granulomatous inflammation, 
ensuring appropriate clinical management.

Advanced MRI techniques, including dy-
namic contrast-enhanced (DCE) MRI and ar-
terial spin labeling (ASL), have demonstrated 
diagnostic potential for differentiating orbital 
lymphoma from benign mimics. Hu et al.5 re-
ported that DCE-MRI parameters, particularly 
“Ve” with 76.2% sensitivity and 94.9% spec-
ificity, could reliably distinguish malignant 
lymphoproliferative disorders from benign 

lesions based on their distinct microvascu-
lar characteristics. Eissa et al.20 reported that 
total blood flow derived from ASL could dis-
criminate lymphoma from idiopathic inflam-
matory pseudotumor (P < 0.001), although 
ADC provided superior diagnostic accuracy 
compared with ASL, and the combined use 
of both techniques yielded only minimal im-
provement over ADC alone, suggesting lim-
ited clinical added value for ASL. Although 
perfusion MRI parameters demonstrate 
promising discriminatory capability for dif-
ferentiating orbital lymphoma from benign 
lymphoproliferative and inflammatory dis-
orders, their clinical application has several 
limitations. Perfusion imaging is not current-
ly part of standard orbital MRI protocols; its 
inclusion would prolong scan times, and the 

requirement for specialized post-processing 
further restricts its viability in daily prac-
tice. These limitations underscore the need 
for practical MRI biomarkers, notably those 
available through T2-weighted imaging. 

Granulomatous inflammations and 
IgG4-related disease are well-recognized 
causes of T2-hypointense head and neck 
lesions. Characteristics of the T2 signal arise 
from granulomas in granulomatous diseas-
es, including GPA and sarcoidosis, and from 
fibrosis in orbital IgG4-related disease.9-12 
In contrast, orbital lymphoma is mostly re-
ported to present with an intermediate T2 
signal.13 Our results align well with the liter-
ature, as the mean T2 signal ratio of the in-
flammation cohort was considerably lower 
than that of the lymphoma cohort. 

Although the T2 signal ratio yielded low-
er isolated diagnostic reliability than ADC 
values, it serves as a strong complementary 
tool that considerably enhances the dis-
criminatory power of ADC. The combined 
application of both parameters using the OR 
rule (ADC ratio ≤1 or T2 signal ratio >0.88) 
demonstrated superior sensitivity (95.2%) 
compared with ADC alone (85.7%). More im-
portantly, the AND rule combination (ADC 
ratio ≤1 and T2 signal ratio >0.88), achieved 
higher specificity (from 86.5% to 94.6%), ef-
fectively reducing false-positive cases while 
maintaining diagnostic reliability. These 
findings underscore that T2-weighted imag-
ing contributes meaningfully to diagnostic 
confidence, particularly in equivocal cases 
where ADC values are borderline. Important-
ly, this approach has direct clinical utility, as 
it relies on standard MRI sequences without 
requiring specialized protocols, offering radi-
ologists a practical method to guide patient 
management. 

This study has several limitations, primar-
ily inherent to its retrospective design. The 
multi-vendor nature of our MRI data (1.5 T 
and 3 T scanners from different manufactur-

Table 2. Inter-reviewer agreement and comparison of T2 signal ratios and ADC values/ratios between the lymphoma and inflammation 
groups

Lymphoma Inflammation P value ICC

Mean T2 signal ratio 
 Reviewer 1
 Reviewer 2

0.961 ± 0.134
0.980 ± 0.146

0.822 ± 0.242
0.835 ± 0.267

0.007
0.01

0.969

Mean ADC lesion (×10−3 mm2/s)
 Reviewer 1 
 Reviewer 2

0.731 ± 0.172
0.713 ± 0.173

1.077 ± 0.261
1.058 ± 0.262

<0.001
<0.001 0.985

Mean ADC ratio 
 Reviewer 1
 Reviewer 2

0.864 ± 0.184
0.852 ± 0.180

1.319 ± 0.311
1.333 ± 0.336

<0.001
<0.001 0.971

T2, transverse relaxation time; ADC, apparent diffusion coefficient.

Figure 4. Space-occupying soft tissue masses with diffuse contrast enhancement on post-contrast 
T1-weighted images were observed in 3 patients diagnosed with primary orbital lymphoma (a), 
immunoglobulin G4-related orbital disease (IgG4-ROD) (d), and sarcoidosis (g); these lesions demonstrated 
overlapping apparent diffusion coefficient (ADC) values on ADC maps (b, e, and h, respectively); transverse 
relaxation time (T2)-weighted images helped differentiate lymphoma (c) from IgG4-ROD and sarcoidosis (f 
and i, respectively), with lymphoma appearing isointense to the cerebral cortex, whereas the inflammatory 
mimickers appeared hypointense. 

a

d

g

b

e

h

c

f

i
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ers) and variations in acquisition parameters 
may introduce technical variability in quan-
titative measurements, despite our stand-
ardization efforts using ratio-based analyses. 
Additionally, the small number of patients 
scanned at 3 T MRI (n = 10) limited our ability 
to evaluate field strength effects, warranting 
investigation in future larger studies. Anoth-
er technical consideration is the use of EPI-
DWI, which is particularly susceptible to arti-
facts and geometric distortion near bone–air 
interfaces, potentially compromising ADC 
measurements in small orbital lesions. Our 
inflammatory cohort demonstrated marked 
heterogeneity in subgroup distribution, with 
notably limited cases of sarcoidosis and fun-
gal angiitis, which may affect the generaliza-
bility of our findings across all inflammatory 
subtypes. Furthermore, the retrospective 
design and modest sample size (n = 58) pre-
clude advanced quantitative analyses such 
as radiomics, which typically require larger 
cohorts with standardized imaging protocols 
to ensure reproducible feature extraction.

In conclusion, the combined evaluation 
of ADC values and T2 signal ratio provides a 
clinically practical and effective method for 
differentiating orbital lymphoma from its 
challenging inflammatory mimics. This ap-
proach utilizes routine MRI sequences while 
demonstrating superior diagnostic perfor-
mance compared with either parameter in 
isolation. Because accurate differentiation 
between these entities carries substantial 
therapeutic implications, our findings may 
help optimize patient management. Multi-
center prospective studies with standardized 
protocols are needed to validate optimal cut-
off values and guide clinical implementation.
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O R I G I N A L  A R T I C L E

I N T E R V E N T I O N A L  R A D I O L O G Y

Association between magnetic resonance imaging-based prostatic 
tissue morphology and changes in International Prostate Symptom 
Score and maximum urinary flow rate after prostatic artery 
embolization 

PURPOSE
To evaluate whether baseline multiparametric magnetic resonance imaging (mpMRI)-defined pros-
tate morphological phenotypes are associated with changes in the International Prostate Symp-
tom Score (ΔIPSS) and maximum urinary flow rate (ΔQmax) following prostatic artery embolization 
(PAE) in patients with benign prostatic hyperplasia (BPH).

METHODS
This retrospective single-center study included patients who underwent technically successful PAE 
with preprocedural mpMRI performed within 8 weeks of intervention. Prostate morphology was 
classified as glandular-dominant, stromal-dominant, or mixed phenotype based on the predomi-
nant nodule signal characteristics on T2-weighted imaging (T2WI), with supplemental assessment 
using diffusion-weighted and contrast-enhanced sequences when available. Symptomatic and 
functional outcomes—ΔIPSS and ΔQmax—were assessed at 3, 6, 12, and 24 months post-proce-
dure. Associations between morphology and outcomes were evaluated using multivariable regres-
sion and subgroup analysis.

RESULTS
A total of 152 patients (mean age, 70.0 ± 9.9 years) who underwent technically successful PAE were 
included in the study, all of whom had preprocedural MRI performed within 8 weeks prior to the in-
tervention. All MRI-defined morphological phenotypes demonstrated improvements in the Qmax 
and IPSS after PAE. The glandular-dominant phenotype exhibited the most pronounced and earli-
est response, with peak improvements at 6 months (ΔQmax: 10.45 mL/s; ΔIPSS: 14.11 points) and 
sustained benefits through 24 months (ΔQmax: 8.78 mL/s; ΔIPSS: 13.04 points). Stromal-dominant 
and mixed phenotypes showed smaller, delayed improvements, typically peaking at 12 months. 
Morphology-related phenotype differences remained statistically significant at 24 months in un-
adjusted comparisons, particularly between glandular and stromal phenotypes, although ΔIPSS 
differences were attenuated in multivariable models (24-month β: 0.104, P = 0.547). Glandular mor-
phology was consistently associated with a greater ΔQmax across all timepoints (e.g., 24-month β: 
0.450, P < 0.001) and significantly interacted with baseline symptom severity (IPSS ≥ 20) to predict 
enhanced 24-month ΔIPSS (interaction β: 0.349, P = 0.045). Subgroup analyses stratified by prostate 
volume (< 80 vs. ≥ 80 mL) corroborated these findings, with glandular morphology consistently 
outperforming that of stromal and mixed phenotypes.

CONCLUSION
Baseline MRI-defined prostate morphology, assessed primarily on T2WIs, was significantly associ-
ated with clinical outcomes after PAE; glandular-dominant morphology was linked to larger and 
more sustained improvements in both the Qmax and IPSS. Therefore, MRI-based phenotypes offer 
a practical imaging biomarker for patient stratification, warranting prospective validation.

CLINICAL SIGNIFICANCE
The MRI-based classification of prostate morphology may improve patient selection and predict 
clinical outcomes following PAE in BPH management.

KEYWORDS
Benign prostatic hyperplasia, lower urinary tract symptoms, prostatic artery embolization, magnet-
ic resonance imaging, prostate morphology
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Benign prostatic hyperplasia (BPH) is 
a prevalent condition among aging 
men, characterized by non-malig-

nant proliferation of epithelial and stromal 
components within the prostatic transition 
zone. This histologic expansion contributes 
to lower urinary tract symptoms (LUTS), 
including increased urinary frequency, ur-
gency, and nocturia and a reduced urinary 
stream. Pharmacologic therapies—primarily 
α-adrenergic antagonists and 5α-reductase 
inhibitors—remain the first-line treatment; 
however, their efficacy is often limited and 
is associated with adverse effects such as hy-
potension, ejaculatory dysfunction, and poor 
long-term adherence. For patients with mod-
erate-to-severe LUTS or an unsatisfactory 
response to medication, transurethral resec-
tion of the prostate (TURP) has long served 
as the gold-standard surgical intervention, 
providing rapid and durable symptom re-
lief in most cases.1,2 More recently, prostatic 
artery embolization (PAE) has emerged as a 
minimally invasive alternative that achieves 
prostate debulking through selective arte-
rial occlusion, leading to ischemia and sub-
sequent tissue necrosis. Unlike TURP, PAE 
does not require general anesthesia and is 
particularly suitable for elderly individuals, 
patients with substantial comorbidities, or 

those seeking nonsurgical options. Clinical 
studies have demonstrated that PAE effec-
tively alleviates LUTS and improves quality 
of life; however, therapeutic responses re-
main heterogeneous, and reliable imaging 
biomarkers for outcome prediction are lack-
ing.3-6 Multiparametric magnetic resonance 
imaging (mpMRI), combining T2-weighted 
imaging (T2WI), diffusion-weighted imag-
ing (DWI), and dynamic contrast-enhanced 
(DCE) sequences, has become the standard 
for comprehensive prostate evaluation. It 
provides a unified framework for lesion char-
acterization across institutions. The Prostate 
Imaging Reporting and Data System PI-
RADS v2.1 (American College of Radiology, 
Reston, VA, USA). standardizes the acquisi-
tion and interpretation of prostate MRI to 
detect clinically significant prostate cancer, 
particularly in the peripheral zone, where 
the majority of clinically significant prostate 
cancer occurs. Although PI-RADS assesses 
the transition zone, it is primarily designed 
to assess malignant lesions, and its utility 
in distinguishing benign changes, such as 
BPH, in the transition zone is limited. The 
transition zone, where stromal and glandular 
nodules exhibit heterogeneous morphology 
and signal patterns, is not sufficiently ad-
dressed by PI-RADS. Recent studies on BPH 
have emphasized the use of quantitative 
MRI-derived metrics, such as transition zone 
volume and transition zone index, which cor-
relate with surgical enucleation volume and 
bladder outlet obstruction. These findings 
underscore the need for a dedicated classi-
fication system to assess benign changes in 
the transition zone.7,8 Histopathologic inves-
tigations emphasize that BPH encompasses 
a spectrum of nodular hyperplasia with vary-
ing proportions of glandular and stromal 
elements, resulting in substantial tissue and 
imaging heterogeneity. Glandular-domi-
nant nodules primarily consist of epithelial 
structures and glandular lumina, whereas 
stromal-dominant nodules contain abun-
dant smooth muscle and fibrous tissue.9 Clin-
ically, patients with adenomatous-dominant 
BPH (AdBPH) have been shown to achieve 
greater prostate volume reduction and more 
pronounced symptomatic improvement fol-
lowing PAE, suggesting that imaging-based 
morphological subtyping may hold prognos-
tic value.10

Building on these histologic insights, mp-
MRI has been explored as a non-invasive tool 
for preprocedural morphological character-
ization. In particular, T2-weighted and DWI 
features have been correlated with under-
lying tissue composition.11 Glandular-domi-
nant nodules typically exhibit high T2 signal 

intensity and correspond to improved post-
PAE outcomes, whereas stromal-dominant 
patterns—characterized by a low T2 signal 
and dense fibromuscular stroma—are asso-
ciated with less favorable responses.12

Despite these encouraging findings, a 
standardized and clinically applicable MRI-
based classification system for prostate mor-
phology has not been widely validated. In this 
study, we propose a T2-weighted MRI classifi-
cation framework that categorizes transition 
zone nodules into three phenotypes: glandu-
lar dominant, stromal dominant, and mixed. 
We aimed to evaluate whether MRI-defined 
prostate morphological phenotypes are as-
sociated with changes in the International 
Prostate Symptom Score (IPSS) and maxi-
mum urinary flow rate (Qmax) following PAE. 
To explore potential effect modification, pre-
specified subgroup analyses stratified by the 
baseline prostate volume (< 80 vs. ≥ 80 mL) 
were also conducted.13

Methods

Study design and patient selection

This study initially included 220 patients 
diagnosed with BPH‑related LUTS. Of these, 
68 were excluded because they did not meet 
the requirements of the inclusion criteria, 
with 152 patients ultimately included (as 
outlined in the flowchart, Figure 1, Table 1).

This retrospective single-center study was 
approved by the Ethics Committee of Nan-
jing Drum Tower Hospital, The Affiliated Hos-
pital of Nanjing University Medical School 
(reference number: 2024-124-02, date: April 
24, 2024), and the requirement for informed 
consent was waived due to the retrospective 
nature of the study. We screened consecutive 
patients who underwent PAE for symptomat-
ic BPH between May 2020 and March 2022. 
A total of 152 patients (mean age, 70.0 ± 9.9 
years) who underwent technically successful 
PAE were included in the study, all of whom 
had preprocedural MRI performed within 8 
weeks prior to intervention.

Patients were eligible for inclusion if they 
had an IPSS of ≥ 15 at baseline, experienced 
persistent moderate-to-severe LUTS refrac-
tory to standard pharmacologic treatment, 
underwent multiparametric pelvic MRI with-
in 8 weeks prior to embolization, and com-
pleted follow-up assessments at 3, 6, 12, and 
24 months post-procedure. Exclusion criteria 
included prior prostate surgery, neurogen-
ic bladder, known or suspected prostate 
malignancy, technical failure of emboliza-
tion, or incomplete imaging or clinical data. 

Main points

•	 	Magnetic resonance imaging-based pros-
tate morphology classification into glandu-
lar-dominant, stromal-dominant, and mixed 
phenotypes provides a practical imaging 
surrogate for underlying histologic compo-
sition in benign prostatic hyperplasia.

•	 	Glandular-dominant prostates demonstrat-
ed the most pronounced and consistent im-
provements in both the International Pros-
tate Symptom Score (IPSS) and maximum 
urinary flow rate (Qmax) after prostatic 
artery embolization, with the maximal re-
sponse observed at 6 months and sustained 
benefits identified through long-term fol-
low-up.

•	 	Stromal-dominant and mixed phenotypes 
exhibited delayed or attenuated bene-
fits, typically reaching their peak effect at 
around 12 months.

•	 	Subgroup analysis revealed a morphology- 
and volume-dependent gradient of efficacy, 
with interphenotype differences in func-
tional outcomes (ΔQmax) emerging earlier 
in larger prostates (≥ 80 mL).

•	 	Magnetic resonance imaging-defined glan-
dular-dominant morphology, particularly 
in patients with a high baseline IPSS, was 
independently associated with sustained 
symptomatic and functional benefits at 24 
months.
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Baseline variables, including age, body mass 
index (BMI), total prostate volume (TPV), 
and MRI-defined morphology (glandular, 
stromal, mixed), were extracted from institu-
tional electronic medical records. The prolate 
ellipsoid formula (TPV = 0.52 × transverse × 
anteroposterior × craniocaudal dimensions) 
was used to calculate TPV, measured on ax-
ial and sagittal T2WIs, which is the standard 
method recommended in contemporary 
prostate MRI protocols.

Prostate biopsy was not performed rou-
tinely and was only pursued when malignan-
cy was clinically suspected (e.g., elevated or 
rising prostate-specific antigen levels, abnor-
mal digital rectal examination, or MRI find-
ings suggestive of malignancy). A small num-
ber of patients were diagnosed with prostate 
cancer during follow-up, either due to the 
absence of preprocedural suspicion warrant-
ing biopsy or as a result of false-negative pre-
procedural assessments. These cases were 
marked as exclusions in the flowchart (Figure 
1). Although PI-RADS v2.1 scoring is included 
in standard institutional MRI reporting, it was 
not utilized in this study. Our focus was on 
evaluating benign transition zone morpholo-
gy, a feature not adequately addressed by PI-
RADS, which is primarily designed to detect 

malignant lesions in the peripheral zone. Al-
though PI-RADS includes the transition zone 
in its evaluation, its primary application is to 
assess clinically significant prostate cancer, 
providing limited guidance for the assess-
ment of BPH or other benign morphological 
changes in the transition zone. Therefore, we 
employed a morphology-based classification 
system specifically developed for assessing 
benign features in the transition zone—an 
aspect not covered by PI-RADS.

Magnetic resonance imaging acquisition 
and morphological subtyping

Magnetic resonance imaging acquisition

All MRI examinations were performed 
using either a 1.5-T or 3.0-T scanner (In-
genia CX or UMR platform) equipped 
with an 8–16-channel phased-array pel-
vic coil. The standard protocol included 
multiplanar T2-weighted turbo spin-echo 
sequences, which served as the prima-
ry basis for morphological classification.  
DWI was performed on all patients as part of 
the routine clinical protocol during the study 
period. However, DCE sequences were avail-
able only in a limited subset of patients (< 
15%) according to the clinical routine at the 

time of scanning. When present, these se-
quences were used qualitatively as support-
ive references to improve tissue characteriza-
tion or to exclude foci with suspected cancer. 
When available, the DCE sequences often 
showed patterns suggestive of early en-
hancement in gland-rich nodules and more 
prolonged enhancement in stromal-domi-
nant nodules, consistent with the T2-weight-
ed impressions of the respective tissue com-
position. However, no quantitative perfusion 
parameters were analyzed, and classification 
of nodule morphology was based solely on 
axial T2WI to maximize consistency across 
the cohort.14,15 Acquisition parameters, in-
cluding field strength, coil type, repetition 
and echo times, slice thickness, and pixel 
size, are summarized in Table 2.

Patient preparation procedures were 
standardized according to institutional pro-
tocols. Patients were instructed to fast for at 
least 6 hours prior to the MRI and PAE proce-
dures. Additionally, for optimal prostate visu-
alization during MRI, patients were asked to 
maintain a comfortably full bladder.

Morphological subtyping

A phenotypic classification system was 
developed based on visual assessment of 
the dominant imaging characteristics of tran-
sition zone nodules, categorizing BPH into 
glandular-dominant, stromal-dominant, and 
mixed phenotypes. In the glandular-dom-
inant phenotype, glandular nodules were 
larger and more prominent, predominantly 
composed of glandular tissue, and showed 
high signal intensity on T2WI, distinguishing 
them clearly from the surrounding stromal 
tissue. The mixed phenotype featured multi-
ple glandular nodules, even when these nod-
ules were not dominant in size. These nodules 
appeared alongside stromal elements, with 
alternating high and low signal intensities on 
T2WI, reflecting the heterogeneous nature of 
the transition zone. The stromal-dominant 
phenotype was characterized by minimal or 
absent glandular nodules, with the lesions 
predominantly composed of stromal tissue 
exhibiting low signal intensity, typical of be-Figure 1. Flowchart illustrating the retrospective analysis design of this study.

PAE, prostatic artery embolization.

Table 1. Baseline characteristics by magnetic resonance imaging-defined prostate morphology

Variable Glandular (n = 53) Mixed (n = 61) Stromal (n = 38) P 

Age (years) 70.83 ± 8.77 68.54 ± 10.32 66.63 ± 10.89 0.136

BMI (kg/m²) 28.48 ± 2.79 27.06 ± 3.15 27.99 ± 2.28 0.027

TPV (mL) 96.53 ± 32.70 98.67 ± 32.46 91.52 ± 23.11 0.523

Baseline IPSS 24.98 ± 4.86 24.95 ± 6.10 22.66 ± 6.52 0.110

Baseline Qmax (mL/s) 6.57 ± 2.42 6.39 ± 1.99 6.76 ± 1.71 0.689

IPSS, International Prostate Symptom Score; Qmax, maximum urinary flow rate; TPV, total prostate volume; BMI, body mass index.
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nign fibromuscular tissue. These lesions dis-
played a lamellar or fibrous texture, with no 
features suggestive of malignancy, such as ir-
regular margins or a diffuse low signal, which 
are typical of tumor infiltration (Figure 2).16

Interobserver agreement

All examinations were independently 
evaluated by two radiologists, each with 
more than 5 years of experience in prostate 
MRI, who were blinded to the clinical data. 
Morphologic phenotype (glandular domi-
nant, stromal dominant, or mixed) and TPV 
(T2‑weighted planimetry) were determined 
for each case. Interobserver agreement for 
phenotype classification was assessed using 
Cohen’s kappa with 95% confidence inter-
vals (CIs), whereas TPV reproducibility was 
evaluated using intraclass correlation coeffi-
cients (ICCs) from a two‑way random‑effects, 
absolute‑agreement, single‑measure model 
with 95% CIs. Discrepancies between readers 
were resolved by consensus, and the agreed 
results were used for subsequent analyses.17

Embolization procedure and technical pa‑
rameters

PAE was performed in all patients under 
local anesthesia using a transfemoral ap-
proach. Procedures were conducted by two 
experienced interventional radiologists using 
a cone-beam computed tomography (CT)-
equipped C-arm system (Allura Xper FD20/
XperCT, Philips). Selective catheterization of 
the internal iliac artery was achieved with a 
4-Fr Simmons or Cobra catheter. When visual-
ization of the prostatic artery was inadequate, 
tube angulation was adjusted accordingly. 
Super-selective catheterization of the pros-
tatic artery was achieved using a 2.4–2.7-Fr 

microcatheter (e.g., Maestro, Merit Medical) 
over a 0.014-inch steerable microwire (e.g., 
Fathom, Boston Scientific). In all cases, in-
tra-arterial nitroglycerin was administered to 
induce vasodilation, followed by cone-beam 
CT acquisition to delineate the prostatic arte-
rial supply and exclude extra-prostatic collat-
erals before embolization. Bilaterally, embo-
lization was performed using the PErFecTED 
technique. Larger microspheres (300–500 
µm) were first injected proximally, followed 
by distal advancement of the microcatheter 
beyond potential collateral branches for ad-
ministration of smaller microspheres (100–
300 µm). Embolization was performed using 
calibrated tris-acryl gelatin microspheres 
(100–300 and 300–500 µm; Embosphere®, 
Merit Medical, South Jordan, UT, USA). Em-
bolization was monitored under fluoroscopy 
and digital subtraction angiography, with the 
endpoint defined as slow antegrade flow or 
near-stasis in the prostatic artery without re-
flux, and decreased perfusion of the prostate 
on post-embolization angiography.3,4

Follow-up and endpoints

Clinical assessments—including the IPSS 
and Qmax—were obtained at baseline and 
at 3, 6, 12, and 24 months following PAE. All 
follow-up evaluations were conducted by 
board-certified interventional radiologists 
who were blinded to the MRI-based prostate 
morphology classification. Longitudinal fol-
low-up at each timepoint was used to assess 
changes from baseline, expressed as ΔIPSS 
and ΔQmax. These outcome measures were 
analyzed according to the baseline MRI-de-
fined prostate morphology, categorized as 
glandular-dominant, stromal-dominant, and 
mixed phenotypes. Post-PAE complications 
and their management were systematically 

documented using information based on pa-
tient interviews, reports from referring physi-
cian reports, and a review of medical records.

Subgroup analysis

To evaluate whether TPV influenced treat-
ment outcomes, patients were stratified into 
two prespecified subgroups (< 80 vs. ≥ 80 
mL), consistent with previous PAE studies 
that applied this threshold for both clinical 
and procedural considerations.18-20 Baseline 
TPV was dichotomized at 80 mL for sub-
group analyses, in accordance with the prior 
PAE-related literature and clinical convention 
distinguishing moderate-sized from large 
prostates. Within each subgroup, longitu-
dinal changes in the IPSS and Qmax at 3, 6, 
12, and 24 months were compared among 
the MRI-defined morphological phenotypes 
(glandular-dominant, stromal-dominant, 
and mixed types).

Complications

All procedure-related complications were 
documented prospectively and categorized 
according to the Cardiovascular and Inter-
ventional Radiological Society of Europe 
(CIRSE) Standards of Practice for Reporting 
Complications (2018 update). Complications 
were defined as any deviation from the nor-
mal postoperative course and graded as mi-
nor (CIRSE grades 1–2) or major (grades 3–6) 
based on the need for therapy, hospitaliza-
tion, or permanent sequelae. According to 
this classification, dysuria, mild hematuria, 
transient urinary retention, and self-limited 
pelvic pain were considered minor, whereas 
any event requiring prolonged hospitaliza-
tion, repeat embolization, or surgical man-
agement were considered major.

Figure 2. Representative T2-weighted magnetic resonance imaging patterns of transition zone phenotypes in benign prostatic hyperplasia. (a) Glandular-dominant 
phenotype: the transition zone is predominantly composed of glandular nodules, which present as high-signal structures on T2-weighted imaging (T2WI), exhibiting 
acinous or microcystic morphology. These nodules are easily distinguishable from the surrounding stromal tissue due to their high signal intensity. (b) Mixed 
phenotype: the transition zone shows a combination of glandular and stromal nodules. The glandular nodules are present but not dominant in size, exhibiting 
alternating high and low signal intensities on T2WI. This phenotype reflects the heterogeneous composition of the transition zone, with both glandular and stromal 
components clearly visible. (c) Stromal-dominant phenotype: the transition zone is primarily composed of stromal nodules, with fewer glandular nodules. The 
stromal tissue appears as low-signal structures on T2WI, exhibiting a lamellar or fibromuscular texture, typical of benign stromal hyperplasia.

a b c
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Statistical analysis

All statistical analyses were performed 
using SPSS (version 31.0; IBM Corp., Armonk, 
NY, USA) in accordance with the STrengthen-
ing the Reporting of OBservational Studies in 
Epidemiology reporting guidelines.21 Contin-
uous variables were summarized as mean ± 
standard deviation and categorical variables 
as frequencies and percentages. Continuous 
outcomes (ΔIPSS, ΔQmax) were compared 
using one‑way Analysis of Variance or in-
dependent samples t‑tests when normality 
was satisfied. Separate multivariable linear 
regression models were constructed at each 
follow-up interval to evaluate associations 
between baseline variables and clinical out-
comes. The ΔIPSS or ΔQmax values served as 
the dependent variable, whereas prespeci-
fied covariates—including age, BMI, baseline 
TPV, and baseline symptom scores (IPSS for 
ΔIPSS models; Qmax for ΔQmax models)—
were entered as independent variables. To 
explore potential effect modification, inter-
action terms between the baseline IPSS and 
prostate morphology phenotypes were in-
cluded. Patients were stratified into two cate-
gories (IPSS < 20 and IPSS ≥ 20) based on the 
standard IPSS severity classification, consis-
tent with previous studies that defined IPSS 
≥ 20 as indicative of severe symptoms.22 All 
statistical tests were two sided, and a P value 
< 0.05 was considered statistically significant.

Results

Patient characteristics

A total of 152 patients met the inclusion 
criteria (mean age 70.0 ± 9.9 years). Base-
line TPV was comparable among the glan-
dular-dominant, stromal-dominant, and 
mixed phenotypes. The cohort included 53 
patients with glandular-dominant, 38 with 
stromal-dominant, and 61 with mixed-type 
morphology, representing 34.9%, 25.0%, 
and 40.1% of the study population, respec-
tively. The baseline demographic and clinical 
characteristics summarized by MRI-defined 
morphology are shown in Table 1. Groups 
were comparable in age, TPV, baseline IPSS, 
and baseline Qmax (all P > 0.05); BMI dif-
fered modestly across phenotypes (overall P 
= 0.027). Across MRI-defined morphological 
phenotypes, both functional (ΔQmax) and 
symptomatic (ΔIPSS) outcomes improved 
significantly after PAE, although the magni-
tude and timing of improvement differed by 
phenotype. The glandular-dominant phe-
notype exhibited the most pronounced and 
earliest responses, reaching peak improve-
ments at 6 months (ΔQmax: 10.45 mL/s; 
ΔIPSS: 14.11 points). Minor declines were ob-
served thereafter at 12 and 24 months (ΔQ-
max: 9.76 and 8.78 mL/s; ΔIPSS: 13.43 and 
13.04 points, respectively), yet treatment ef-
fects remained substantially above baseline 
throughout the 24-month follow-up. By con-
trast, mixed- and stromal-dominant pheno-

types demonstrated slower and less marked 
improvements, with maximal changes oc-
curring at around 12 months for both ΔIPSS 
and ΔQmax, followed by modest reductions 
at 24 months. At all follow-up intervals, the 
glandular-dominant phenotype consistently 
showed the greatest mean gains in both ΔQ-
max and ΔIPSS, followed by the mixed and 
stromal phenotypes. This morphology-de-
pendent gradient in treatment response per-
sisted over time, although the magnitude of 
intergroup difference slightly attenuated at 
later timepoints (Table 3).

Multivariable linear regression

Relative to the stromal-dominant refer-
ence phenotype, the glandular-dominant 
phenotype showed greater improvement at 
6 months—the timepoint of maximal sepa-
ration—for both ΔIPSS (β: 0.510, P < 0.001) 
and ΔQmax (β: 0.567, P < 0.001). For ΔIPSS, 
this advantage was also evident at 3 and 12 
months but was no longer significant at 24 
months. No significant differences in ΔIPSS 
were observed between the mixed- and stro-
mal-dominant phenotypes at any timepoint. 
For ΔQmax, the superiority of the glandu-
lar-dominant phenotype persisted across all 
follow-up intervals. Comparisons between 
mixed and stromal phenotypes revealed 
higher ΔQmax in the mixed group at 3 and 
24 months, with borderline significance at 6 
and 12 months. The full model coefficients 
and corresponding 95% CIs for each time-
point are presented in Table 4. An interaction 

Table 2. Magnetic resonance imaging acquisition parameters for prostate imaging sequences

Sequence TR/TE FA ST Res Coil Field Availability

Axial T2 ~4,000/100 120 3–4 0.8–1.2 PA (8–16 ch) 1.5/3.0 All pts

DWI* Vendor-spec. — 4–5 1.5–2.0 same 1.5/3.0 All pts

DCE–MRI** Short TR/TE 10–15 2–4 1.0–1.5 same 1.5/3.0 Subset

*DWI parameters (including TR/TE, b-values, and fat-suppression technique) were vendor-dependent across scanners and were not used for phenotypic classification. **DCE–
MRI was acquired using three-dimensional spoiled gradient-echo sequences. Temporal enhancement parameters were not analyzed and did not contribute to phenotypic 
classification. 
T2, T2-weighted imaging; DWI, diffusion-weighted imaging; DCE, dynamic contrast-enhanced MRI; MRI, magnetic resonance imaging; TR, repetition time; TE, echo time; FA, flip 
angle; ST, slice thickness; Res, in-plane resolution; PA, pelvic array; ch, channels; pts, patients.

Table 3. Interphenotype comparison of ΔIPSS and ΔQmax in all patients

Outcome Glandular Mixed Stromal *P **P ***P ****P

ΔQmax 3 m 6.64 ± 2.85 5.45 ± 2.69 4.71 ± 1.72 0.002 0.187 <0.001 0.006

ΔQmax 6 m 10.45 ± 2.32 8.32 ± 2.38 7.36 ± 1.89 < 0.001 < 0.001 <0.001 0.030

ΔQmax 12 m 9.76 ± 2.30 8.59 ± 2.22 7.73 ± 1.83 < 0.001 0.007 <0.001 0.035

ΔQmax 24 m 8.78 ± 2.45 7.46 ± 2.54 6.33 ± 1.97 < 0.001 0.006 <0.001 0.021

ΔIPSS 3 m 7.62 ± 2.96 6.62 ± 2.44 6.11 ± 2.74 0.024 0.051 0.015 0.330

ΔIPSS 6 m 14.11 ± 4.51 10.00 ± 2.86 9.42 ± 2.61 <0.001 <0.001 <0.001 0.314

ΔIPSS 12 m 13.43 ± 3.43 12.36 ± 3.90 11.08 ± 3.77 0.013 0.124 0.003 0.111

ΔIPSS 24 m 13.04 ± 4.28 10.92 ± 3.57 9.16 ± 3.12 <0.001 0.005 <0.001 0.014
*P, overall three-phenotype comparison; **P, glandular vs. mixed; ***P, glandular vs. stromal; ****P, mixed vs. stromal. IPSS, International Prostate Symptom Score; ΔQmax, maximum 
urinary flow rate; ΔIPSS, change in International Prostate Symptom Score.
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between baseline IPSS ≥ 20 and glandu-
lar-dominant morphology was identified for 
ΔIPSS at 24 months (β: 0.349, P = 0.045), in-
dicating more pronounced long-term symp-
tomatic improvement among patients with a 
higher baseline symptom burden and glan-
dular-dominant features.

Subgroup analysis

Subgroup analyses stratified by baseline 
TPV (< 80 vs. ≥ 80 mL) revealed clear vol-
ume-dependent differences in treatment 
response. In the < 80-mL subgroup, inter-
phenotype variation in ΔQmax was not sig-
nificant at 3 months but became significant 
at later timepoints and persisted thereafter. 
Glandular-dominant prostates showed con-
sistently greater functional improvement 
than stromal-dominant prostates across all 
follow-up intervals and also exceeded mixed 
phenotypes at 6 and 24 months. Mixed and 

stromal phenotypes did not differ signifi-
cantly. For ΔIPSS, interphenotype differenc-
es at 6 and 24 months were significant, with 
glandular-dominant morphology associated 
with greater symptomatic improvement than 
stromal morphology at all timepoints and 
with mixed morphology at 6 and 24 months 
(Table 5). In the ≥ 80 mL subgroup, interphe-
notype differences in ΔQmax were already 
significant at 3 months and remained so 
through 24 months. A clear hierarchical gra-
dient (glandular > mixed > stromal) was ob-
served, with mixed phenotypes separating 
earlier from stromal-dominant phenotypes 
in a ΔQmax-a pattern not seen in the small-
er-volume subgroup. For ΔIPSS, significant 
interphenotype variation was again noted at 
6 and 24 months, with glandular-dominant 
morphology showing the greatest improve-
ment, whereas mixed and stromal-dominant 
phenotypes remained largely comparable 
(Table 6).

Interobserver agreement

Interobserver agreement was assessed 
across all 152 patients for both TPV measure-
ments and MRI-based phenotype classifica-
tion. The ICC for TPV was 0.934, indicating 
excellent agreement. The Cohen’s kappa co-
efficient for MRI-defined prostate type was 
0.836, reflecting very good inter-rater reli-
ability.

Complications

A total of 61 patients (40.1%) experienced 
minor complications. These included dysuria 
(n = 19, 12.5%), hematuria (n = 22, 14.5%), 
urinary tract infections (n = 7, 4.6%), tran-
sient urinary retention (n = 14, 9.2%), and 
pelvic pain (n = 54, 35.5%). Hematospermia 
occurred in eight patients (5.3%). No major 
complications were reported in this pheno-
type.

Table 4. Multivariable regression results

Timepoint Variable β coefficient P value

ΔIPSS 3 m Glandular 0.193 0.048

Mixed 0.033 0.738

ΔIPSS 6 m Glandular 0.510 < 0.001

Mixed 0.024 0.781

ΔIPSS 12 m Glandular 0.255 0.011

Mixed 0.120 0.233

ΔIPSS 24 m Glandular 0.104 0.547

Mixed 0.269 0.602

IPSS ≥ 20 × glandular 0.349 0.045

ΔQmax 3 m Glandular 0.335 < 0.001

Mixed 0.208 0.038

ΔQmax 6 m Glandular 0.567 < 0.001

Mixed 0.179 0.051

ΔQmax 12 m Glandular 0.415 < 0.001

Mixed 0.189 0.055

ΔQmax 24 m Glandular 0.450 < 0.001

Mixed 0.216 0.027

IPSS, International Prostate Symptom Score; ΔQmax, maximum urinary flow rate.

Table 5. Interphenotype comparison of ΔIPSS and ΔQmax in patients with total prostate volume <80 mL

Outcome Glandular Mixed Stromal *P **P ***P ****P

ΔQmax 3 m 6.50 ± 3.03 5.58 ± 2.92 3.74 ± 1.65 0.064 0.359 0.006 0.092

ΔQmax 6 m 10.11 ± 2.13 8.17 ± 2.74 7.29 ± 2.66 0.017 0.025 0.007 0.429

ΔQmax 12 m 9.95 ± 1.93 8.36 ± 2.55 7.67 ± 2.56 0.041 0.043 0.017 0.513

ΔQmax 24 m 9.02 ± 2.30 7.15 ± 2.92 6.14 ± 2.74 0.025 0.041 0.009 0.392

ΔIPSS 3 m 8.00 ± 2.60 6.37 ± 2.22 5.56 ± 3.84 0.072 0.050 0.065 0.482

ΔIPSS 6 m 14.12 ± 3.39 9.47 ± 2.44 8.89 ± 3.66 < 0.001 <0.001 0.001 0.618

ΔIPSS 12 m 14.06 ± 3.44 12.63 ± 3.70 10.11 ± 4.34 0.047 0.240 0.018 0.123

ΔIPSS 24 m 13.82 ± 3.84 10.53 ± 3.44 9.89 ± 3.37 0.010 0.010 0.016 0.649
*P, overall three-phenotype comparison; **P, glandular vs. mixed; ***P, glandular vs. stromal; ****P, mixed vs. stromal. IPSS, International Prostate Symptom Score; ΔQmax, maximum 
urinary flow rate.
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Discussion
This study demonstrates that MRI-defined 

prostatic morphological phenotypes are 
strongly associated with differential symp-
tomatic and functional outcomes following 
PAE. Across the entire cohort, all morpholo-
gy groups experienced significant improve-
ments in ΔIPSS and ΔQmax, but the magni-
tude and timing of response varied markedly 
by phenotype. The glandular-dominant 
phenotype exhibited the most pronounced 
and earliest improvement, with maximal 
gains in both ΔIPSS and ΔQmax achieved 
by 6 months and sustained through 24 
months. By contrast, stromal-dominant pros-
tates exhibited smaller and delayed bene-
fits, typically peaking at around 12 months, 
whereas mixed morphologies demonstrated 
intermediate responses. Multivariable re-
gression confirmed that glandular-dominant 
morphology remained an independent pre-
dictor of greater ΔQmax after adjusting for 
age, baseline prostate volume, and baseline 
symptom severity, and interaction analysis 
revealed that this effect was especially pro-
nounced among patients with severe base-
line symptoms (IPSS ≥ 20). These findings 
collectively indicate that preprocedural MRI-
based phenotyping can stratify functional re-
covery trajectories following PAE, providing 
non-invasive insight into the biological vari-
ability of the embolization response.

BPH demonstrates marked histological 
heterogeneity, with varying proportions of 
glandular epithelial and stromal compo-
nents. This compositional variability cor-
relates with differences in LUTS severity and 
therapeutic efficacy, including outcomes 
after PAE.16,23 Considerable interpatient varia-
tion in post-PAE symptom relief and urinary 
flow was identified, which may be attribut-
able to differences in nodular histologic ar-
chitecture, underscoring the need to investi-
gate morphology-specific treatment effects.

Prior studies have highlighted the prog-
nostic relevance of AdBPH morphology. 
Patients with AdBPH have demonstrated 
significantly greater reductions in symptom 
scores and prostate volume following PAE 
than those exhibiting non-AdBPH pheno-
types.24 However, most existing studies have 
relied on binary classification frameworks 
(AdBPH vs. non-AdBPH) that overlook the 
histologic heterogeneity of hyperplastic 
nodules.

To address this limitation, we introduced 
a three-type MRI-based morphological clas-
sification—glandular, stromal, and mixed 
types—based on nodular composition and 
signal characteristics on T2-weighted se-
quences. Radiologic–pathologic correlation 
studies provide validation for this model. No-
tably, Dai et al.16 demonstrated that stromal 
hyperplasia presents as low-signal, solid tis-
sue on T2-weighted MRI, whereas glandular 
hyperplasia appears hyperintense with cystic 
components, facilitating non-invasive differ-
entiation of tissue composition using MRI.

Histologically, glandular-dominant nod-
ules exhibit a high epithelial-to-stromal ra-
tio and a secretory glandular architecture, a 
histologic profile that demonstrates minimal 
variation across different prostate volumes.25 

By contrast, stromal-dominant nodules are 
characterized by an abundance of fibro-
muscular and fibroblastic elements, rich in 
smooth muscle and extracellular matrix, and 
minimal glandular content. Recent spatial 
and transcriptomic studies have confirmed 
this histologic phenotype, demonstrating 
increased expression of ACTA2, VIM, and 
collagen genes within stromal-dominant re-
gions.26,27

This histological heterogeneity likely con-
tributes to the variability in therapeutic effi-
cacy observed among different nodule sub-
types after PAE. Longitudinal analyses across 

the 24-month follow-up period revealed 
that prostates with glandular-dominant 
morphology exhibited significantly earlier 
and greater improvements in both the IPSS 
and Qmax than stromal-dominant or mixed 
types. Incorporating a tripartite MRI-based 
morphological classification thus allows a 
more refined interpretation of tissue-specific 
responses to embolization.

Descriptive and subgroup analyses re-
vealed that glandular-dominant phenotypes 
reached peak improvements in ΔIPSS and 
ΔQmax at 6 months following PAE. By con-
trast, mixed and stromal-dominant pheno-
types exhibited delayed peak responses at 
approximately 12 months. The slower im-
provement observed in stromal and mixed 
morphologies—characterized by a greater 
proportion of fibrous and smooth muscle 
elements—is likely attributable to reduced 
susceptibility to ischemic necrosis and de-
layed tissue remodeling following ischemic 
injury. Dense stromal tissue may resist isch-
emic degeneration and exhibit slower clear-
ance of cellular debris, thereby postponing 
the onset of glandular atrophy and luminal 
decompression. Consequently, symptomat-
ic relief and improvements in urinary flow 
emerge more gradually in these phenotypes 
than in glandular-dominant tissue, which 
undergoes more rapid ischemic shrinkage 
and volumetric regression. Preclinical canine 
models have demonstrated that prostatic 
artery occlusion induces acute hemorrhagic 
necrosis and inflammatory infiltration within 
2 weeks, followed by progressive glandular 
atrophy and interstitial fibrotic remodeling 
by 6 months post-treatment.28 Histological 
studies in human participants further sup-
port these findings, showing that ischemic 
necrosis, squamous metaplasia, and inflam-
mation predominantly affect glandular re-
gions, whereas stromal tissue displays rela-
tively limited histopathologic alterations.29

Table 6. Interphenotype comparison of ΔIPSS and ΔQmax in patients with total prostate volume ≥ 80 mL

Outcome Glandular Mixed Stromal *P **P ***P ****P

ΔQmax 3 m 6.70 ± 2.81 6.11 ± 2.61 5.01 ± 1.66 0.025 0.342 0.004 0.033

ΔQmax 6 m 10.61 ± 2.42 8.39 ±2.23 7.39 ± 1.65 <0.001 <0.001 <0.001 0.043

ΔQmax 12 m 9.68 ± 2.48 8.71 ± 2.08 7.74 ± 1.60 0.002 0.064 <0.001 0.031

ΔQmax 24 m 8.67 ± 2.54 7.60 ± 2.38 6.39 ± 1.72 <0.001 0.058 0.015 0.036

ΔIPSS 3 m 7.44 ± 3.13 6.74 ± 2.56 6.28 ± 2.36 0.218 0.276 0.101 0.443

ΔIPSS 6 m 14.11 ± 5.00 10.24 ±3.03 9.59 ± 2.24 <0.001 <0.001 <0.001 0.328

ΔIPSS 12 m 13.14 ± 3.44 12.24 ± 4.03 11.38 ± 3.60 0.170 0.296 0.049 0.360

ΔIPSS 24 m 12.67 ± 4.48 11.10 ± 3.66 9.55 ± 2.98 0.006 0.092 <0.001 0.064
*P, overall three-phenotype comparison; **P, glandular vs. mixed; ***P, glandular vs. stromal; ****P, mixed vs. stromal. IPSS, International Prostate Symptom Score; ΔQmax, maximum 
urinary flow rate.
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At 24 months, both ΔIPSS and ΔQmax 
demonstrated a modest decline compared 
with earlier timepoints, indicating a gradual 
attenuation of the treatment effect across 
all morphology phenotypes. Despite this 
reduction in absolute effect size, interpheno-
type differences remained significant, with 
the glandular-dominant group consistently 
exhibiting the most pronounced and dura-
ble improvements in both symptomatic and 
functional outcomes. These findings rein-
force the association between glandular-pre-
dominant morphology and greater, more 
sustained responsiveness to PAE. Although 
the overall treatment effect diminished 
slightly over time, clinically meaningful ben-
efits relative to baseline were maintained in 
most patients. This longitudinal trend aligns 
with prior studies reporting that maximal 
symptomatic relief typically occurs within 
the first postoperative year, followed by mild 
attenuation while preserving overall thera-
peutic efficacy.20

Given that unadjusted analyses are inher-
ently susceptible to confounding by base-
line characteristics—such as age, baseline 
TPV, and initial IPSS or Qmax—multivariable 
regression modeling was employed to min-
imize these effects. These adjusted analyses 
confirmed that glandular-dominant mor-
phology independently predicted greater 
symptomatic ΔIPSS and functional ΔQmax 
improvement, with the strongest effects ob-
served during the first postoperative year. By 
contrast, the mixed-morphology phenotype 
showed only partial associations, displaying 
isolated gains in ΔQmax at certain time-
points but no consistent relationship with 
ΔIPSS. These findings suggest that mixed-
type prostates provide variable and less 
durable functional benefits than the robust 
and sustained improvements observed in 
glandular-dominant cases. The predictive 
association between glandular morphology 
and ΔIPSS attenuated at 24 months, imply-
ing that long-term symptom relief may be 
influenced by additional pathophysiologic 
or behavioral factors beyond intrinsic nodule 
composition. This observation is consistent 
with findings from the STREAM trial, which 
reported that patients with stromal-predom-
inant BPH experienced greater symptomatic 
improvement over prolonged follow-up de-
spite the early advantages observed in ade-
nomatous-dominant cases.30

The choice of 80 mL as the prostate vol-
ume threshold was driven by clinical con-
vention rather than statistical optimization. 
From a surgical perspective, international 
LUTS/BPH guidelines recommend trans-

urethral procedures (e.g., TURP and trans-
urethral laser vaporization) primarily for 
prostate volumes in the range of 30–80 mL, 
whereas glands exceeding 80 mL general-
ly require enucleation-based techniques or 
open/robotic simple prostatectomy, there-
by defining ≥ 80 mL as “large-volume” BPH 
in routine practice. This surgical distinction 
has been increasingly included in the endo-
vascular literature. Several prospective PAE 
studies have specifically evaluated cohorts 
with prostate volumes ≥ 80 mL, reporting 
meaningful symptom improvement and vol-
ume reduction in this population. Thus, us-
ing 80 mL as a stratification threshold allows 
our findings to be interpreted within both 
guideline-supported clinical boundaries 
and the established PAE evidence base. Im-
portantly, this classification does not imply a 
biological transition at 80 mL but serves as a 
pragmatic cut-off that reflects current clinical 
decision-making.18,31,32

Subgroup analyses stratified by baseline 
TPV (< 80 vs. ≥ 80 mL) were directionally 
consistent with the overall results, confirm-
ing a morphology-dependent gradient in 
treatment efficacy. The most pronounced 
and consistent differences were observed 
between glandular- and stromal-dominant 
phenotypes, with glandular-dominant pros-
tates showing superior functional improve-
ments across follow-up intervals. Differences 
between glandular and mixed morphologies 
achieved statistical significance at selected 
timepoints, reflecting the inherent histologic 
heterogeneity and variable responsiveness 
characteristic of mixed-type tissue compo-
sition.

Consistent with the multivariable regres-
sion analyses, mixed and stromal-dominant 
phenotypes demonstrated no significant 
differences in most subgroup comparisons, 
particularly for ΔIPSS. Among patients with 
larger prostates (≥ 80 mL), significant inter-
group variation in ΔQmax emerged as early 
as 3 months after PAE and persisted through-
out the follow-up period. By contrast, pa-
tients with smaller prostates (< 80 mL) 
exhibited no early intergroup differences. 
These findings highlight a morphology- and 
volume-dependent gradient in treatment 
efficacy, supporting the value of combining 
imaging-based phenotyping with volumet-
ric assessment for personalized therapeutic 
planning in BPH.

Interaction analysis revealed that only 
the coexistence of a baseline IPSS ≥ 20 and 
glandular-dominant morphology inde-
pendently predicted greater symptomatic 

improvement at 24 months. Neither baseline 
symptom severity nor glandular morphology 
alone showed a significant association with 
long-term outcomes. These findings sug-
gest that patients with both severe baseline 
symptoms and glandular-dominant nodules 
are most likely to achieve durable clinical 
benefit after PAE. In agreement with prior 
studies, individuals presenting with more 
severe LUTS demonstrated the largest long-
term reductions in IPSS following emboliza-
tion.33,34

From a clinical perspective, these results 
underscore the utility of MRI-based prostate 
morphology classification as a practical tool 
for patient stratification. Glandular-dom-
inant phenotypes were associated with 
the most consistent improvements in both 
symptom scores and urinary flow, whereas 
mixed phenotypes showed intermediate re-
sponses, and stromal-dominant morphology 
was linked to the least favorable outcomes. 
Incorporating MRI-based tissue phenotyping 
into preprocedural evaluation may therefore 
enhance individualized treatment planning 
and improve the prediction of clinical re-
sponse in the management of BPH.

This study has several limitations. First, 
the morphological classification of BPH nod-
ules was based on a reader-dependent visual 
assessment of T2-weighted MRI signal char-
acteristics without histopathological vali-
dation, introducing potential interobserver 
variability. Second, the retrospective and 
single-center design inherently increases the 
risk of selection bias and residual confound-
ing despite statistical adjustment using mul-
tivariable regression modeling. Third, longi-
tudinal measurements of post-void residual 
volume and prostate size were inconsistently 
obtained during follow-up, limiting evalu-
ation of their temporal relationships with 
clinical outcomes. Fourth, other potentially 
relevant modifiers of treatment response—
such as urodynamic parameters, intravesical 
prostatic protrusion, and systemic or local 
inflammatory markers—were not routinely 
assessed or included in the analysis. These 
unmeasured factors may contribute to in-
terpatient heterogeneity in treatment out-
comes and warrant systematic evaluation in 
future prospective research. Finally, the post-
PAE outcome assessment in this retrospec-
tive cohort was limited to symptomatic and 
functional parameters (ΔIPSS and ΔQmax) 
without uniform post-contrast MRI to quan-
tify ischemic necrosis. Although quantitative 
necrosis mapping could further elucidate the 
mechanistic link between baseline morphol-
ogy and treatment response, post-emboliza-
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tion contrast-enhanced imaging was incon-
sistently obtained in routine care, precluding 
robust volumetric analysis without selection 
bias. Future prospective studies with stan-
dardized post-PAE MRI (e.g., contrast-en-
hanced, perfusion, or quantitative mapping) 
are warranted to test whether morphology 
influences the extent and pattern of tissue 
infarction and mediates clinical benefits.

In conclusion, the present findings 
demonstrate that the histologic composition 
inferred from the dominant imaging charac-
teristics of transition zone nodules influences 
both symptomatic and functional outcomes 
after PAE. Multiparametric MRI, assessed 
primarily on T2WI, offers a potential non-in-
vasive method for characterizing prostate 
tissue composition and guiding treatment 
selection. Although further validation in pro-
spective, multicenter cohorts is warranted, 
this imaging-based phenotyping framework 
may assist in identifying histologic pheno-
types most likely to achieve favorable thera-
peutic responses. 
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O R I G I N A L  A R T I C L E

I N T E R V E N T I O N A L  R A D I O L O G Y

The safety and efficacy of the percutaneous balloon-expandable 
biodegradable magnesium biliary stents in patients with liver transplant 

PURPOSE
This study aims to present our institutional experience with the use of percutaneous balloon-ex-
pandable biodegradable magnesium biliary stents (MBS)  in the treatment of  benign, refractory 
anastomotic strictures (AS), where initial percutaneous or endoscopic approaches fail or are inef-
fective, after liver transplantation (LT).

METHODS
In this retrospective single-center study, 13 patients with clinically refractory AS who underwent 
MBS placement between July 2021 and August 2024 were evaluated. Statistical analyses included 
Kaplan–Meier survival analysis for patency and Spearman’s correlation for recurrence risk. Primary 
outcomes included stricture recurrence and time to reintervention during follow-up.

RESULTS
The  median age  of patients was  35 years  [interquartile range (IQR): 22–48], and  11 were male 
(85%).  Living donor LT  was performed in  12  (92%). The MBS were placed at a median of  8 
months post-transplant (IQR: 5–44), with a technical success in all cases (100%). Before MBS place-
ment, patients underwent a median of  one endoscopic retrograde cholangiopancreatography 
(IQR: 0–3) and three percutaneous transhepatic biliary drainage procedures (IQR: 1–8). The median 
follow-up was 25 months (IQR: 15–33). The MBS patency rates were 93%, 85%, and 67% at 6, 12, and 
24 months, respectively. Stricture recurrence occurred at a median of 30 months post-placement 
(95% confidence interval: 23.6–36.3). A moderate positive correlation was observed between the 
number of pre-stent interventions and recurrence risk (rho: 0.582, P = 0.023). Post-procedural com-
plications (cholangitis) occurred in 1 patient.

CONCLUSION
Balloon-expandable biodegradable MBS may provide a safe and effective treatment for refractory 
AS following LT. Early placement of MBS, particularly after fewer prior interventions, appears to be 
associated with improved patency and longer stricture-free survival.

CLINICAL SIGNIFICANCE
Early use of biodegradable magnesium stents after LT may reduce the need for multiple interven-
tions and improve long-term biliary patency.

KEYWORDS
Biodegradable stent, magnesium, benign biliary anastomotic stricture, biliary stent, percutaneous 
transhepatic biliary drainage, liver transplantation

You may cite this article as: Kutlu R, Dağ N, Saparbekov E. The safety and efficacy of the percutaneous balloon-expandable biodegradable magnesium biliary 
stents in patients with liver transplant. Diagn Interv Radiol. 2026;32(4):473-478.

İnönü University Faculty of Medicine, Department 
of Radiology and Liver Transplantation Institute, 
Malatya, Türkiye

Handling editor: Bahri Üstünsöz

Corresponding author: Ramazan Kutlu 

E-mail: ramazan.kutlu@inonu.edu.tr

 Ramazan Kutlu
 Nurullah Dağ
 Eldiiar Saparbekov

Received 28 July 2025; revision requested 21 August 
2025; last revision received 21 September 2025; accepted 
25 September 2025.

Epub: 20.10.2025

Publication date: 01.07.2026

DOI: 10.4274/dir.2025.253585 

Diagn Interv Radiol 2026; DOI: 10.4274/dir.2025.253585

https://orcid.org/0000-0001-7941-7025
https://orcid.org/0000-0002-9342-0244
https://orcid.org/0009-0007-4379-8461


 

474 • July 2026 • Diagnostic and Interventional Radiology Kutlu et al. 

Biliary anastomotic strictures (AS)  rep-
resent one of the most frequent and 
clinically significant complications 

following  liver transplantation (LT).1 These 
strictures typically arise from factors such 
as  surgical technique,  graft-recipient bile 
duct size mismatch, or ischemic injury to the 
biliary epithelium, and they contribute sub-
stantially to  post-transplant morbidity and 
mortality.2 The reported incidence of AS var-
ies by transplant type, occurring in approxi-
mately 15% of patients after deceased donor 
LT (DDLT) and ranging from 19% to 40% fol-
lowing  living donor LT (LDLT), where biliary 
reconstruction is often more technically chal-
lenging.3

In patients with  AS following  LT, the 
first-line treatment is typically  endoscop-
ic retrograde cholangiopancreatography 
(ERCP)  with  balloon dilatation  and  plastic 
stent placement.4,5 When ERCP is unsuccess-
ful or not feasible—such as in patients with 
altered anatomy or inaccessible anasto-
moses—percutaneous transhepatic biliary 
drainage (PTBD)  combined with  bilioplas-
ty and stent insertion is employed as a more 
invasive but effective alternative.6,7 Although 
these interventions are generally efficacious, 
they often require  multiple sessions  or  pro-
longed catheterization, which can negatively 
impact the  patient’s quality of life and in-
crease the risk of complications.8,9

Biodegradable stents (BS)  have been 
successfully employed in the management 
of benign gastrointestinal and vascular con-
ditions, and their application in the  biliary 
system  represents a relatively recent and 
innovative therapeutic approach.10,11 Com-
pared with conventional non-degradable 
stents, BS are associated with lower compli-
cation rates, including reduced risks of infec-
tion, stent occlusion, migration, and chronic 
inflammation. Moreover, they  eliminate the 
need for a secondary intervention  for stent 
removal, as the material gradually degrades 
in situ.12 Given the high incidence of AS and 

the frequent need for repeated biliary inter-
ventions  following  LT, BS represent a  prom-
ising alternative  to traditional endobiliary 
devices. Magnesium biliary stents (MBS) 
biodegrade naturally, eliminating the need 
for retrieval while maintaining biocompati-
bility and optimal mechanical properties.13-17 
Their degradation products are safely ex-
creted and may provide anti-inflammatory, 
antimicrobial, and healing benefits.13,15,18 This 
study presents our institutional experience 
with magnesium-based BS in the treatment 
of post-transplant AS and aims to evaluate 
their safety and efficacy.

Methods
Study design

This single-center retrospective study was 
approved by İnönü University Ethics Com-
mittee (approval number 2025/6784, date: 
03.01.2025). Written informed consent  was 
obtained from all patients prior to interven-
tional procedures. Thirteen patients treated 
for  AS  following LT  between  July 2021 and 
August 2024  were included. The inclusion 
criteria were as follows: patients with clini-
cally and radiologically confirmed benign AS 
following LT; failure of previous endoscopic 
or percutaneous management to maintain 
long-term patency. The exclusion criteria 
were as follows: evidence of hepatic artery 
thrombosis; malignant strictures; or inade-
quate follow-up data. No patients were lost 
to follow-up. All percutaneous procedures 
were performed by the same interventional 
radiologist.

Patient management and intervention pro‑
tocol

Management decisions were determined 
through a multidisciplinary approach involv-
ing  interventional radiologists,  transplant 
surgeons, and  gastroenterologists. AS were 
confirmed by ultrasonography (US) and 
magnetic resonance cholangiopancreatog-
raphy (MRCP) in patients with clinical or lab-
oratory suspicion of biliary complications.

When feasible, ERCP  was attempted as 
the first-line intervention. If ERCP failed or 
clinical improvement was not achieved af-
ter repeated sessions, PTBD was performed; 
furthermore, PTBD was the  first-line treat-
ment  in patients with  hepaticojejunostomy 
(HJ)-type biliary anastomosis.  Refractory 
AS  was defined as persistent stricture after 
multiple PTBD sessions, and  BS  placement 
was considered in these cases.

All PTBD procedures were performed 
under  sterile conditions  with  intravenous 
sedation and analgesia, with the patient 

in the  supine position. Access to the biliary 
system was obtained via a  transhepatic ap-
proach  using a  0.018-inch guidewire  and 
a  coaxial access system  (Accustick, Boston 
Scientific, Marlborough, MA, USA) through 
an appropriate  intercostal space, under  US 
and fluoroscopic guidance.

After access,  contrast cholangiogra-
phy  was used to delineate biliary anatomy 
and stricture severity. In the initial session, 
an  internal-external biliary drainage cathe-
ter (Flexima, Boston Scientific) was placed for 
decompression. Drainage output was mon-
itored daily, with routine catheter flushing 
and maintenance.

In subsequent sessions, under anesthesia, 
balloon dilatation of the stricture was per-
formed using  angioplasty balloons inflated 
to  18–20 atmospheres  for approximately  2 
minutes. A  multi-hole internal–external 
catheter  was then reinserted. The  balloon 
diameter  was selected to match the  nor-
mal proximal (upstream) bile duct caliber, 
and  drainage catheter size  was chosen ac-
cordingly to avoid overdistension while en-
suring sufficient scaffolding.

If the stricture persisted during follow-up, 
a  balloon-expandable biodegradable 
MBS  (UNITY-B, Q3 Medical, Dublin, Ireland; 
CE certified) was deployed. One patient 
with two HJ anastomoses and dual strictures 
received two stents. 

Technical success was defined as the ab-
sence of residual stricture on completion of 
cholangiography after stent placement.

The  percutaneous catheter  was  not im-
mediately removed  post-stent placement, 
allowing early complication management. It 
was withdrawn within 24–48 hours after con-
firming normal findings on follow-up  chol-
angiography and clinical assessment.

Follow-up and outcome measures

All patients were followed at  1 month 
post-procedure, then every 3 months during 
the 1st year in the absence of symptoms. Af-
ter the 1st year, visits were scheduled  every 
6 months. Routine follow-up included  liver 
function tests and  hepatobiliary US. In the 
presence of clinical signs of  cholangitis,  ab-
normal laboratory values, or biliary dilatation 
on US,  MRCP  was performed to assess for 
stricture recurrence.

Recurrence of AS  was defined as a new 
anastomotic-level stricture on MRCP requir-
ing intervention. Clinical success was defined 
as BS patency without AS recurrence during 
follow-up.

Main points

•	 Percutaneous balloon-expandable biode-
gradable magnesium biliary stents (MBS) 
are effective and safe for treating biliary 
strictures after liver transplantation.

•	 Biodegradable MBS placed after fewer inter-
ventional procedures demonstrate higher 
patency rates and longer stricture-free in-
tervals.

•	 Early placement of biodegradable magne-
sium stents in refractory anastomotic stric-
tures is associated with improved clinical 
outcomes and reduced recurrence risk.
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Statistical analysis

Statistical analyses were performed using 
the SPSS 22.0 software (IBM Corp., Armonk, 
NY, USA) package. The Kolmogorov–Smirn-
ov test was used to assess the normality of 
the data distribution. As the data did not 
follow a normal distribution, quantitative 
variables were presented as median [inter-
quartile range (IQR)]. Due to the violation 
of parametric test assumptions, the Mann–
Whitney U test or the Wilcoxon signed-rank 
test was used for comparisons of quanti-
tative variables within dependent groups. 
Correlations between two quantitative 
variables were analyzed using Spearman’s 
rho coefficient. Categorical variables were 
expressed as frequencies and percentag-
es (%). The recurrence rate of AS was as-
sessed using the Kaplan–Meier method. 
A P value of <0.05 was considered indicative 
of statistical significance in all analyses. 

Results
A total of  13 patients (11 men, 2 wom-

en; ratio 5.5:1)  were included. The  median 
age at the time of LT was 35 years (IQR: 22–
48). LDLT was performed in 12 patients (92%), 
and DDLT in 1 patient (8%). Indications for LT 
included hepatitis B (n = 6), hepatitis C (n = 
3), fulminant liver failure (n = 2), and hepato-
cellular carcinoma (n = 2). The type of biliary 
anastomosis was  duct-to-duct  in 7 patients 
and  HJ  in seven anastomoses (1 patient 
had  two HJ anastomoses). Table 1  presents 
the demographic and clinical characteristics 
of the study population. Stent placement oc-
curred at a median of 8 months after LT (IQR: 
5–44). The technical success rate was 100%. 
Figures 1–3  demonstrate representative 
cholangiographic images before and after 
MBS placement. 

Pre-stent interventions included a medi-
an of one ERCP session (IQR: 0–3) and three 
PTBD procedures (IQR: 1–8). The median fol-
low-up period after MBS placement  was  25 
months  (IQR: 15–33) (Figure 4). Stricture 
recurrence occurred at a median of 30 
months  post-stenting (standard error: 3.2; 
95% confidence interval: 23.6–36.3) (Fig-
ure 5). The BS  patency rates  were 93%  at 6 
months, 85%  at 12 months, and 67%  at 24 

months. Among patients with recurrence, 
the  shortest stent patency  was  6 months, 
and the  longest  was  35 months. Three pa-
tients remained recurrence-free throughout 
follow-up (7, 36, and 45 months) (Figure 
6, Table 2). There was a  moderate positive 
correlation  between the  total number of 
interventional procedures prior to BS place-
ment  and stricture recurrence (Spearman’s 
rho: 0.582, P = 0.023).

Figure 1. Cholangiogram of a left lobe recipient living donor liver transplantation patient demonstrating a significant duct-to-duct anastomosis stenosis (white 
arrow) (a). Implantation cholangiogram showing successful deployment of balloon-expandable biodegradable magnesium biliary stent (b). Cholangiogram after 
placement of an internal-external biliary drainage catheter for safety, demonstrating a reduction in the biliary dilatation (c). 

a b c

Table 1. Demographic characteristics and clinical information of the patients

Variables

Age (median, IQR) (years) 35 (22–48)

Sex (male/female) 11/2

Liver transplantation indication

Hepatitis B (n = 6), 
Hepatitis C (n = 3), 

Fulminant liver failure (n = 2),
Hepatocellular carcinoma (n = 2)

Type of transplant 
 LDLT
 DDLT

12
1

Biliary anastomosis 
 DD
 HJ

7
7

Continuous data are expressed as median. IQR, interquartile range; LDLT, living donor liver transplantation; DDLT, 
deceased donor liver transplantation, DD: duct-to-duct; HJ, hepaticojejunostomy. 

Table 2. Procedural details and clinical outcomes of the patients

Variables

Time from LT to BS (median, IQR) (months) 8 (5–44)

Number of ERCP(s) before BS (median, IQR) 1 (0–3)

Number of PTBD(s) before BS (median, IQR) 3 (1–8)

Clinical success rate (%)
6 months
12 months
24 months

92%
85%
67%

Follow-up without recurrence after BS 3 patients (7, 36, 45 months)

Complications (n) 1 (cholangitis)

Continuous data are expressed as median. IQR, interquartile range; LT, liver transplantation; BS, biodegradable stent; 
ERCP, endoscopic retrograde cholangiopancreatography; PTBD, percutaneous transhepatic biliary drainage.
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Among a predefined list of potential com-
plications (pancreatitis, bleeding, perfora-
tion, stent migration, bile duct or duodenal 
abrasion, misplacement, severe pain, bile 
occlusion, and cholangitis), only one case of 
cholangitis was observed. No major compli-
cations, such as stent migration, bleeding, or 
ductal injury, occurred.

There was a  statistically significant de-
crease  in both  total bilirubin  and  direct 
bilirubin levels  from the time of BS place-
ment to 1 month post-placement (P < 0.05). 
Although  alanine transaminase,  aspar-
tate transaminase,  alkaline phosphatase, 
and  gamma-glutamyl-transpeptidase  levels 
also decreased, these changes were  not 
statistically significant (P > 0.05) (Table 3).

Discussion
BS have shown promise in the treatment 

of benign gastrointestinal, coronary, and pe-
ripheral vascular stenoses.16 Their application 
in the  biliary tract, however, is relatively re-
cent. BS can be categorized into two groups: 
organic stents, which are made from materi-
als such as polycaprolactone and polylactic 
acid, offering benefits such as biocompati-
bility, elasticity, and flexibility; and metallic 
stents, built from magnesium, iron, and zinc, 
providing advantages in biocompatibility 
and superior mechanical properties.13,16

Currently, three  Conformité Eu-
ropéene-marked biodegradable biliary 
stents  are commercially available:  Ella  (El-
la-CS, Czech Republic),  Archimedes  (Q3 
Medical, Ireland), and  UNITY-B  (Q3 Medical, 
Ireland). The  Ella stent has been evaluated 
in several small studies for benign biliary 
strictures and shown to have good clini-
cal outcomes, with  low rates of epithelial 
proliferation  and  stent-related complica-

tions.19-22 However, evidence remains lim-
ited regarding the use of  BS—particular-
ly  magnesium-based BS—in the setting of 
AS following LT. The  mid- and long-term 
performance of these devices in this specific 
population remains underexplored.

There is currently no standardized pro-
tocol for managing AS after LT. The primary 
goal of treatment is to achieve  long-term 
biliary patency while minimizing reinterven-
tion, prolonged catheterization, and the need 
for  surgical revision.3 Although both  endo-
scopic and percutaneous interventions  are 
effective, multiple sessions for  catheter 

Figure 3. Cholangiogram showing marked dilatation and stenosis of hepaticojejunostomy (HJ) anastomosis in a pediatric patient who underwent a right lobe 
living donor liver transplantation (a). A biodegradable magnesium biliary stent (white arrows) was implanted through the HJ anastomosis (b). Post-implantation 
control cholangiogram showing resolution of stenosis and normal caliber of intrahepatic bile ducts (c).

a b c

a

c

b

d

Figure 2. Cholangiograms showing significant stenoses (black arrows) in the left (a) and right (b) main 
hepatic duct to hepaticojejunostomy anastomosis in a cadaveric liver transplant recipient. Simultaneous 
implantation of two stents was performed in the patient (black arrows point to the proximal and white 
arrows point to the distal ends of the stents) (c). Post-implantation control cholangiogram demonstrates 
complete resolution of stenoses and patency of implanted stents (d).
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exchanges,  stent removals, or  repeat dila-
tations  negatively affect  quality of life  and 
increase the risk of  procedure-related com-
plications.23,24 In this context,  BS offer a sig-
nificant advantage, especially in refractory 
cases.

Our study supports the feasibility and ef-
fectiveness of BS in this setting, with a 100% 
technical success rate,  85% clinical success 
within 1 year, and  a median stent patency 
of 30 months. These outcomes are consis-
tent with prior reports. For example,  Dopa-
zo et al.26  reported a 40% recurrence over a 
median 23-month follow-up in 10 patients 
with LT treated with Ella stents, and  Battis-
tel et al.25  reported a 72% success rate with 
minimal complications in 18 patients with LT 
with percutaneously placed BS. A large mul-
ticenter study (n = 159) demonstrated stent 
patency rates of  86%, 79%, and 78%  at 12, 
36, and 60 months, respectively, though only 
4.6%  of patients in that cohort had under-
gone LT.27

Unlike previous studies, we used the UNI-
TY-B stent, a  balloon-expandable, hybrid 
BS consisting of a  magnesium alloy core 
(MgNdMn21)  with a  polymer coating, de-
signed for percutaneous and endoscopic im-
plantation. The percutaneous version of the 
stent was used in the study. MBS degrade 
naturally in vivo, eliminating the need for 
retrieval and showing  high biocompatibili-
ty,  minimal inflammatory reaction, and  low 
migration risk.13,17 They also exhibit favorable 
mechanical properties, including  adequate 
radial force, thin strut profiles, and enhanced 
inner lumen area. Additionally, magnesium 
degradation products are safely excreted and 
may confer  anti-inflammatory,  antibacterial, 
and  tissue healing properties.14,16 However, 
rapid  corrosion in bile  remains a significant 
challenge. The  alkaline, enzyme-rich envi-
ronment of bile accelerates magnesium deg-
radation, potentially limiting stent durability. 
Advances in  surface coatings  and  alloying 
elements  (e.g., zinc, calcium) are necessary 
to enhance corrosion resistance and extend 
functional life in the biliary system.13,15,16

Our study population was predominant-
ly  LDLT recipients (92%), a group known to 
have more complex biliary anatomy and 
stricter anastomoses than DDLT recipients. 
The finding in our study that there was a pa-
tient who developed AS recurrence 6 months 
after BS, as well as a patient who was fol-
lowed up for 45 months without recurrence, 
supports that this situation is due to multi-
factorial factors, which may partially explain 
the reduced mid-term patency rates. The tim-

Figure 4. Scatter plot depicting individual patient follow-up time. Each data point represents a patient, 
categorized as either recurrence (green) or recurrence-free (blue). 

Figure 5. Graphical representation of anastomotic stricture patency rates after biodegradable stenting as 
estimated by Kaplan–Meier survival analysis.

Figure 6. Graphical representation of recurrence-free and under follow-up rate after biodegradable stenting 
as estimated by reverse Kaplan–Meier survival analysis.

Table 3. Pre- and post-stent laboratory values of the patients

Laboratory tests Time of BS 
placement 

First month after BS 
placement

P

Total bilirubin, mg/dL 
Conjugated bilirubin, lmol/L
AST, U/L 
ALT, U/L 
ALP, U/L
GGT, U/L 

2.1 (0.8–2.3)
0.7 (0.4–1.9)
53 (38–78)

65 (45–122)
187 (131–268)
164 (96–237)

1.0 (0.7–1.3)
0.3 (0.2–0.6)
31 (24–64)
44 (29–84)

148 (111–259)
105 (42–187)

0.019
0.034
0.333
0.268
0.125
0.112

Continuous data are expressed as median interquartile range. BS, biodegradable stent; AST, aspartate transaminase; 
ALT, alanine transaminase; ALP, alkaline phosphatase; GGT, gamma-glutamyl-transpeptidase.
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ing of BS placement also appears to influence 
outcomes; patients with earlier stent deploy-
ment after fewer failed interventions had 
longer stricture-free intervals. These findings 
suggest that early BS placement, rather than 
prolonged attempts at repeated ERCP or 
PTBD, may optimize clinical outcomes.

Complication rates were low and compa-
rable with existing literature.2 Only one pa-
tient developed cholangitis, and no serious 
adverse events, such as stent migration or 
bile duct perforation, were observed in the 
present study. 

This study has several limitations. First, 
the small sample size limits the statistical 
power and generalizability of the results. 
In addition, variability in time from LT to BS 
placement  and the  number of prior proce-
dures complicates analysis and underscores 
the need for standardized treatment path-
ways. Further analysis of risk factors for AS re-
currence after BS placement was not possible 
with the available data set. As stent visibility 
was not the main focus of our study due to 
the retrospective design, we do not have 
precise information on stent visibility during 
the resorption process. In this context, fu-
ture prospective studies may provide more 
comprehensive data to evaluate the biolog-
ical lifecycle of BS. Finally, our study did not 
directly compare BS with other treatment 
strategies, such as repeat bilioplasty or sur-
gery. Prospective, multicenter studies  with 
larger sample sizes and longer follow-up are 
needed to fully establish the role of MBS  in 
the treatment of AS after LT.

Magnesium-based biodegradable biliary 
stents appear to be a safe and effective treat-
ment option  for  refractory AS following LT. 
Our findings suggest that earlier stent place-
ment, particularly in patients with fewer prior 
interventions, may result in  prolonged stent 
patency  and  extended stricture-free survival. 
Although further comparative studies are war-
ranted, MBS may offer a promising minimally 
invasive alternative  in the evolving manage-
ment of post-transplant biliary complications. 
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I N T E R V E N T I O N A L  R A D I O L O G Y
O R I G I N A L  A R T I C L E

Impact of biopsy route, muscle pathway, and cortex target on safety 
and diagnostic yield in ultrasound-guided renal parenchymal biopsy

PURPOSE
To compare the safety and diagnostic yield of two ultrasound (US)-guided percutaneous renal bi-
opsy (PRB) approaches, lateral to medial and medial to lateral, which differ in access route, muscle 
groups traversed, and cortical targets.

METHODS
This retrospective study included 490 patients (mean age: 38.2 ± 21.2 years; 267 men, 223 women) 
who underwent US-guided PRB between 2019 and 2024 and had abdominal computed tomog-
raphy (CT)/magnetic resonance imaging (MRI) within 1 year. At the left kidney lower pole level 
(L3–L4), anterior–posterior thicknesses of the traversed muscle groups were measured on CT/MRI. 
Complications were classified according to the Society of Interventional Radiology guidelines. Di-
agnostic yield was categorized as optimal (≥ 12 glomeruli), suboptimal (≥ 3 glomeruli), and pa-
thologist based (diagnostic according to final pathology assessment). Group comparisons were 
performed using the chi-square test, Fisher’s exact test, and t-test.

RESULTS
In 490 PRBs (237 lateral to medial, 253 medial to lateral), the medial-to-lateral approach, despite 
traversing thicker muscles (35.7 vs. 11.5 mm, P = 0.001), produced smaller hematomas (8.6 vs. 17.3 
mm, P = 0.001) with similar complication rates (major: 3.6% vs. 3.4%, P = 0.913; minor: 36% vs. 
33.8%, P = 0.608). Diagnostic adequacy was comparable, but optimal yield was higher with the 
medial-to-lateral route (85.0% vs. 73.0%, P = 0.001).

CONCLUSION
Both approaches demonstrated comparable safety. However, the medial-to-lateral route was asso-
ciated with smaller hematomas and a higher proportion of optimal biopsies from the lateral cortex, 
but suboptimal and pathologist-based adequacy remained high in both techniques.

CLINICAL SIGNIFICANCE 
When standard lower pole lateral cortex biopsy is not feasible due to cortical scarring, cysts, over-
lying skin lesions, or anatomic limitations—especially in patients for whom contralateral biopsy is 
not possible (e.g., solitary or ectopic pelvic kidney, severe unilateral hydronephrosis)—alternative 
cortical targets must be used. Understanding how different access routes and muscle pathways 
influence hemorrhage control and diagnostic yield helps operators choose the safest and most 
effective technique in these situations.

KEYWORDS
Percutaneous renal biopsy, diagnostic yield, complications, muscle thickness, cortical targeting

You may cite this article as: Alver KH, Aslan HS, Arslan M, et al. Impact of biopsy route, muscle pathway, and cortex target on safety and diagnostic yield in 
ultrasound-guided renal parenchymal biopsy. Diagn Interv Radiol. 2026;32(4):479-486.

Percutaneous renal biopsy (PRB) is a key procedure for diagnosing kidney disease, as-
sessing prognosis, and guiding treatment. It is typically performed in patients with sub-
stantial proteinuria, hematuria, declining renal function, or suspected systemic disease 

involvement such as lupus or amyloidosis.1 Although computed tomography (CT) guidance 
may be used in selected situations, ultrasound (US) is the preferred modality due to its re-
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al-time visualization, lack of radiation, lower 
cost, and relatively short procedure time. 
When combined with spring-loaded core bi-
opsy systems, US-guided PRB provides high 
diagnostic yield with an established safety 
profile.2

According to the Society of Interventional 
Radiology (SIR) and the Cardiovascular and 
Interventional Radiological Society of Europe 
(CIRSE), the standard technique for native 
kidney biopsy is a tangential medial-to-later-
al approach targeting the lower pole lateral 
cortex, corresponding to Brödel’s avascular 
zone, which provides a favorable balance be-
tween diagnostic yield and safety.3,4 Howev-
er, this pathway may not be feasible in cases 
such as asymmetric cortical thinning, large or 
multiple cysts, overlying skin lesions, or diffi-
culty achieving optimal patient positioning. 
In these situations, particularly when contra-
lateral biopsy is not possible (e.g., solitary or 
ectopic pelvic kidney, severe unilateral hy-
dronephrosis, or extensive nephrolithiasis), 
biopsy may need to target alternative corti-
cal regions via different anatomical routes. 
Although recent technical perspectives 

suggest that any cortical region can be safe-
ly sampled if a tangential trajectory is main-
tained to avoid medullary and sinus injury, 
this assumption has not been systematically 
evaluated.5 To date, no study has assessed 
whether differences in cortical target or the 
muscle groups traversed affect the safety or 
diagnostic performance of PRB.

At Pamukkale University Faculty of Medi-
cine, Department of Interventional Radiolo-
gy, two interventional radiologists, each with 
over 10 years of experience, routinely per-
formed PRBs using different but consistent 
techniques, reflecting their procedural train-
ing and background. One radiologist used 
the standard medial-to-lateral approach, tar-
geting the lower pole lateral cortex, where-
as the other employed a lateral-to-medial 
approach, targeting the medial cortex. This 
systematic variation in cortical target, muscle 
pathway, and access route created a natural 
and unique comparison setting, enabling us 
to retrospectively evaluate how these techni-
cal differences influence safety and diagnos-
tic yield, addressing a previously unexplored 
gap in the literature.

Methods

Patient selection

This retrospective study was approved 
by the Pamukkale University Ethical Com-
mittee of Non-Invasive Clinical Research 
(approval number: E-60116787-020-703301, 
date: 10.06.2025), and informed consent was 
waived. Patients were eligible if they under-
went US-guided left PRB and had abdominal 
CT or magnetic resonance imaging (MRI) 
within 1 year of the procedure. Among the 
716 PRBs performed between January 2019 
and December 2024, patients were excluded 
for renal mass biopsy (n = 32), CT-guided bi-
opsy (n = 7), transplanted kidney biopsy (n 
= 34), absence of CT/MRI within 1 year (n = 
84), and renal orientation anomalies impair-
ing cortical or trajectory assessment (n = 9). 
Additional exclusions included resident-per-
formed procedures (n = 13), 16-gauge nee-
dle use (n = 10), non-coaxial technique (n = 
14), incomplete 24-hour follow-up data (n = 
11), and right kidney biopsies (n = 12). The 
final cohort consisted of 490 patients, com-
prising Group 1 (lateral-to-medial approach 
targeting the medial cortex; n = 237; mean 
age: 38 ± 20.9 years; 129 men) and Group 2 
(medial-to-lateral approach targeting the lat-
eral cortex; n = 253; mean age: 37.9 ± 21.4 
years; 138 men) (Figure 1).

Prebiopsy preparation

On the day of the procedure, all patients 
underwent laboratory evaluation. Biopsy 
was performed only if the platelet count was 
> 50,000/mL, the international normalized ra-
tio was < 1.5, and hemoglobin was > 8 g/dL.5 
Antiplatelet and anticoagulant medications 
were reviewed and adjusted (temporary dis-
continuation, bridging when indicated, and 
post-biopsy resumption) in accordance with 
SIR and CIRSE guidelines.4,6 Because uncon-
trolled hypertension increases bleeding risk, 
biopsy proceeded only when blood pressure 
was < 160/90 mmHg; otherwise, antihyper-
tensive optimization and rescheduling were 
performed.1,7

Biopsy procedure

All biopsies were performed under re-
al-time US guidance (ACUSON Sequoia, Sie-
mens Healthineers, Mountain View, CA, USA; 
Aplio 500, Toshiba Medical Systems, Tokyo, 
Japan) using 1.5–6.0-MHz convex probes, 
with patients in the prone position under 
sterile conditions. Due to its more accessi-
ble position, the left kidney was consistently 
targeted, with all procedures guided sono-
graphically in the transverse plane. Local 
anesthesia was provided using 10–20 mL of 
1%–2% lidocaine. Two interventional radiol-
ogists, each with over 10 years of experience 
and more than 1,000 prior PRBs, performed 
the procedures using different but consistent 
approaches based on training preference. In 
Group 1, the biopsy was performed via a lat-
eral skin entry, traversing the posterolateral 
abdominal wall muscles (latissimus dorsi, ex-
ternal oblique, internal oblique, transversus 
abdominis) to target the lower pole medial 
cortex (Figure 2). In Group 2, a medial skin 
entry was used, traversing the paravertebral 
muscles (multifidus, erector spinae, quadra-
tus lumborum) to reach the lower pole lateral 
cortex (Figure 3). Patient allocation between 
the two groups was entirely random, as biop-
sies were performed by whichever radiolo-
gist was on duty on the day of the procedure. 
A coaxial technique was used in all cases: a 
17-gauge introducer needle was advanced 
to the renal capsule, through which a 15-cm, 
18-gauge spring-loaded core needle (Max-
core, Bard Biopsy Systems, Tempe, Arizona) 
with a penetration depth of 22 mm and a 
sample notch of 18 mm was used to obtain 
two tissue samples with a tangential cortical 
trajectory. If bleeding occurred through the 
coaxial introducer, temporary tract tampon-
ade was performed by reinserting the sty-
let, and persistent bleeding was managed 
with autologous blood clot or absorbable 

Main points

•	 This study directly compared two ultra-
sound-guided percutaneous renal biopsy 
techniques—lateral to medial and medial to 
lateral—that differ in cortical targets, routes, 
and muscle pathways. The medial-to-lateral 
approach traverses the paravertebral mus-
cles (multifidus, erector spinae, quadratus 
lumborum) to sample the lower pole lateral 
cortex, whereas the lateral-to-medial ap-
proach passes through the posterolateral 
abdominal wall muscles (latissimus dorsi, 
external and internal obliques, transversus 
abdominis) to reach the lower pole medial 
cortex.

•	 Safety was comparable between approach-
es, with similar rates of minor and major 
complications within Society of Interven-
tional Radiology guideline thresholds.

•	 The medial-to-lateral approach, which tra-
verses thicker paravertebral muscles, re-
sulted in smaller non-transfusion-requiring 
perirenal hematomas.

•	 Optimal diagnostic yield (≥ 12 glomeru-
li) was higher with the medial-to-lateral 
approach, whereas suboptimal yield (≥ 3 
glomeruli) and pathologist-based adequacy 
remained high in both techniques.

•	 This is the first study to systematically eval-
uate how cortical targets and muscle path-
ways affect biopsy outcomes, providing 
practical guidance for cases in which stan-
dard lower pole lateral cortex access cannot 
be used.
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gelatin sponge (Spongostan, Ethicon, NJ, 
USA). Specimens were transported in phos-
phate-buffered saline for light microscopy 
(LM), immunofluorescence (IF), and electron 
microscopy (EM). On-site adequacy assess-
ment was not performed due to the lack of 
cytotechnologist support. Local anesthesia 
was standard, and conscious sedation was 
used selectively in pediatric or anxious pa-
tients with anesthesiology support.8

Post-biopsy monitoring

After biopsy and dressing, patients were 
kept supine with a sandbag under the left 
kidney for 6 hours and observed for 24 
hours. At the 6th hour, follow-up renal US was 
performed in the interventional radiology 
suite, and the presence and maximum size 
of biopsy-related hemorrhage were record-
ed. Hemoglobin was assessed at the 6th hour 
and repeated at 24 hours before discharge. 
Vital signs were monitored every 30 minutes 
for 2 hours, hourly for 4 hours, and every 2 
hours thereafter. Patients were observed for 
hematuria and bleeding-related symptoms 
(flank pain, dizziness, vomiting, presynco-
pe). If major bleeding was suspected—mac-
rohematuria, hypotension, tachycardia, or 
large perirenal/retroperitoneal hematoma—
non-contrast CT was performed, followed by 
contrast-enhanced CT or angiography when 
needed. Patients who were hemodynamical-
ly stable and asymptomatic without ongoing 
hemoglobin decline were discharged after 
24 hours with return precautions.1,5,7

In accordance with the SIR guidelines, 
complications were classified as major (re-
quiring transfusion, radiologic/surgical in-
tervention, or associated with renal obstruc-
tion/failure, sepsis, permanent sequelae, or 
death) or minor (transient hematuria or small 
perirenal/retroperitoneal hematomas resolv-
ing spontaneously without transfusion or ex-
tended hospitalization).9 

Radiologic and pathologic evaluation

During pre-procedural US, the long-axis 
length and parenchymal thickness of the tar-
get kidney were measured. At the lower pole 
level (typically L3–L4), the anterior–posterior 
thickness of the muscle groups along the bi-
opsy path was measured on CT/MRI. In the 
lateral-to-medial approach (Group 1), this 
included the posterolateral abdominal wall 
muscles (external oblique, internal oblique, 
transversus abdominis, latissimus dorsi), 
whereas in the medial-to-lateral approach 
(Group 2), it included the paravertebral mus-
cles (multifidus, erector spinae, quadratus 
lumborum). Multiple measurements were 

Figure 1. Flowchart of study population. MRI, magnetic resonance imaging.

Figure 2. Lateral-to-medial approach for left kidney biopsy. (a) Intra-procedural photograph, obtained under 
sterile conditions with the patient in the prone position, demonstrating lateral skin entry of a 17G introducer 
needle under ultrasound guidance to target the medial cortex. (b) Illustration of the renal parenchymal 
biopsy performed using the cortical–tangential technique, with traversal of the posterolateral abdominal 
wall muscles and targeting of the medial cortex (L, left; R, right; G, gauge).

a b
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obtained across each muscle group at this 
level, and mean values were used for analy-
sis. Demographics, biopsy approach and op-
erator, hemoglobin values, sonographic find-
ings, histopathology, glomerular counts, and 
complications were retrieved from electronic 
records and Picture Archiving and Communi-
cation Systems.

All specimens were evaluated by a ne-
phropathologist with over 15 years of experi-
ence. Consistent with the literature, biopsies 
were categorized based on total glomerular 
count across LM, IF, and EM:10,11

• Group A (optimal): ≥ 12 glomeruli total 
(≥ 10 for LM + ≥ 1 for IF + ≥ 1 for EM),

• Group B (suboptimal): ≥ 3 glomeruli to-
tal, with at least one evaluable glomerulus in 
each modality but not meeting the Group A 
criteria, and

• Group C (inadequate): < 3 glomeruli or 
missing required modalities.

Diagnostic yield was defined as follows:

1. Optimal yield: Proportion of Group A 
biopsies (≥ 12 glomeruli),

2. Suboptimal yield: Proportion of biop-
sies with ≥ 3 glomeruli (Groups A + B), and

3. Pathologist-based yield: Biopsies 
deemed diagnostic in the final report, re-
gardless of glomerular count.

Yield ratios were calculated as diagnostic 
biopsies divided by total biopsies in each 
group.

Statistical analysis

Statistical analyses were conducted using 
SPSS version 25.0 (IBM Corp., Armonk, NY, 
USA). Categorical variables were reported as 
counts and percentages and continuous vari-
ables as mean ± standard deviation. Normal-
ity was assessed using the Shapiro–Wilk test.

Patients were grouped according to the 
biopsy approach (Group 1: lateral to medi-
al; Group 2: medial to lateral). Diagnostic 
yield and major/minor complications were 
compared using chi-square or Fisher’s exact 
tests. Total muscle thickness, total glomeru-
lar count, hemoglobin change (baseline vs. 
6 and 24 hours), and hematoma size were 
compared using the independent-samples 
t-test or Mann–Whitney U test, depending 
on the distribution. A P value < 0.05 was con-
sidered statistically significant.

Results
A total of 490 patients were included 

(mean age: 38.2 ± 21.2 years; 267 men, 223 
women), comprising 237 who underwent 
the lateral-to-medial approach (Group 1) 
and 253 who underwent the medial-to-lat-
eral approach (Group 2). The most common 
histopathological diagnosis was focal seg-
mental glomerulosclerosis (79/490, 16.1%), 
followed by membranous nephropathy 
(48/490, 9.8%) and lupus nephritis (39/490, 

8.0%). The full diagnostic distribution is sum-
marized in Table 1.

Baseline demographic characteristics, re-
nal long-axis length, parenchymal thickness, 
and mean hemoglobin decline at both the 
6th and 24th hours were comparable between 
the two groups (all P > 0.05). However, mus-
cle thickness along the biopsy tract differed 
substantially, being significantly lower in 
Group 1 than in Group 2 (11.5 ± 4.2 vs. 35.7 ± 
10.9 mm, P = 0.001) (Table 2).

The suboptimal diagnostic yield (≥ 3 
glomeruli) was similarly high in Group 1 and 
Group 2 (95.4% vs. 95.3%, P = 0.958), and pa-
thologist-based adequacy was also compa-
rable (96.6% vs. 98.0%, P = 0.335). However, 
the proportion of biopsies achieving ≥ 12 
glomeruli (optimal diagnostic yield) was sig-
nificantly higher in Group 2 (85.0% vs. 73.0%, 
P = 0.001) (Table 2).

Figure 3. Medial-to-lateral approach for left kidney biopsy. (a) Intra-procedural photograph, obtained 
under sterile conditions with the patient in the prone position, demonstrating medial skin entry of a 
17G introducer needle under ultrasound guidance to target the lateral cortex. (b) Illustration of the renal 
parenchymal biopsy performed using the cortical–tangential technique, with traversal of the paravertebral 
muscles and targeting of the lateral cortex (L, left; R, right; G, gauge).

a b

Table 1. Distribution of histopathological diagnoses by biopsy approach

  Lateral-to-medial  
approach 
(Group 1) 
(n = 237)

Medial-to-lateral  
approach 
(Group 2) 
(n = 253)

Total Percentage 
(%)

1 Focal segmental glomerulosclerosis 38 41 79 16.1%

2 Membranous nephropathy 23 25 48 9.8%

3 Lupus nephritis 16 23 39 8.0%

4 Crescentic glomerulonephritis 15 18 33 6.7%

5 Immunoglobulin A nephropathy 15 14 29 5.9%

6 Acute interstitial nephritis 14 13 27 5.5%

7 Chronic glomerulonephritis 12 14 26 5.3%

8 Henoch–Schönlein purpura nephritis 13 12 25 5.1%
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Table 1. Continued

  Lateral-to-medial  
approach 
(Group 1) 
(n = 237)

Medial-to-lateral  
approach 
(Group 2) 
(n = 253)

Total Percentage 
(%)

9 Normal histology/no specific pathology 12 13 25 5.1%

10 Membranoproliferative glomerulonephritis type I 10 7 17 3.5%

11 Diabetic nephropathy 7 8 15 3.1%

12 Serum amyloid A protein amyloidosis 5 9 14 2.9%

13 C3 glomerulopathy 6 7 13 2.7%

14 Non-diagnostic 8 5 13 2.7%

15 Mesangial hypercellularity ± glomerulosclerosis, not otherwise 
specified 5 6 11 2.2%

16 Chronic interstitial nephritis 5 6 11 2.2%

17 Minimal change disease 7 4 11 2.2%

18 Vasculitis 6 1 7 1.4%

19 Acute tubular necrosis 1 5 6 1.2%

20 Hypertensive nephropathy 2 4 6 1.2%

21 Small-vessel vasculitis 4 1 5 1.0%

22 Postinfectious glomerulonephritis 2 3 5 1.0%

23 Diffuse proliferative glomerulonephritis 3 1 4 0.8%

24 Chronic pyelonephritis 1 2 3 0.6%

25 Myeloma cast nephropathy 0 3 3 0.6%

26 Immunoglobulin light chain amyloidosis 0 2 2 0.4%

27 Microscopic polyangiitis 1 1 2 0.4%

28 Diffuse large B-cell lymphoma 1 1 2 0.4%

29 Thrombotic microangiopathy 1 1 2 0.4%

30 Isolated Bowman’s capsule thickening 0 1 1 0.2%

31 Fibrillary glomerulonephritis 1 0 1 0.2%

32 Isolated glomerulomegaly 1 0 1 0.2%

33 Granulomatosis with polyangiitis 0 1 1 0.2%

34 Lymphoplasmacytic lymphoma 1 0 1 0.2%

35 Nephrocalcinosis 1 0 1 0.2%

36 Necrotizing granulomatous inflammation 0 1 1 0.2%

Total 237 253 490 100.0%

Table 2. Procedural characteristics, diagnostic yield, and complications in Group 1 (lateral to medial) and Group 2 (medial to lateral) 
approaches

  Lateral-to-medial approach 
(Group 1) (n = 237)

Medial-to-lateral approach 
(Group 2) (n = 253)

P value Test

Age (years) 38 ± 20.9 37.9 ± 21.4 0.693 t

Gender (men/women) (129/108) (138/115) 0.980 χ²

Renal long-axis length (mm) 109.3 ± 13 109.5 ± 12.9 0.830 t

Renal parenchymal thickness (mm) 16.2 ± 2.8 16.3 ± 3.1 0.801 t

Total muscle thickness traversed (mm) 11.5 ± 4.2 35.7 ± 10.9 0.001 t

Mean hemoglobin decline 
(Prebiopsy - 6th hour post-biopsy) (g/dL) 0.44 ± 0.79 0.37 ± 0.63 0.297 t

Mean hemoglobin decline 
(Prebiopsy - 24th hour post-biopsy) (g/dL) 0.34 ± 0.84 0.33 ± 0.78 0.980 t

Mean number of glomeruli in biopsies 17.3 ± 10.9 (n = 237) 18.4 ± 10.3 (n = 253) 0.243 t
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Overall, minor and major complication 
rates were also similar between Group 1 and 
Group 2 (37.1% vs. 39.5%, P = 0.586; 33.8% vs. 
36.0%, P = 0.608; and 3.4% vs. 3.6%, P = 0.913, 
respectively). The most common minor and 
major complications were non-transfu-
sion-requiring perirenal hematoma (29.5% 
vs. 30.4%) and hemorrhage requiring trans-
fusion (1.3% vs. 2.0%), respectively (Figures 4 
and 5). Although the frequency of perirenal 
hematoma was similar, hematoma size was 
significantly smaller in Group 2 (8.6 ± 8.9 vs. 
17.3 ± 12.6 mm, P = 0.001). Detailed compli-
cation subtypes are presented in Table 3.

Discussion
This study compared medial-to-lateral 

and lateral-to-medial PRB approaches, show-
ing similar overall safety but notable differ-
ences related to the muscle thickness and 
cortical region sampled. The medial-to-lat-
eral approach traversed thicker paraverte-
bral muscles (35.7 ± 10.9 vs. 11.5 ± 4.2 mm, 
P = 0.001) and was associated with smaller 
non-transfusion-requiring perirenal hemato-
mas (8.6 ± 8.9 vs. 17.3 ± 12.6 mm, P = 0.001). 
This suggests that thicker, more compact 
muscle groups and a shorter retroperitone-
al course may provide a tamponade effect 
that limits hematoma expansion, whereas 
thinner posterolateral muscles may permit 
greater spread. Although bleeding origi-
nates in the kidney, similar principles have 
been described in other contexts. In subcap-
sular liver lesion biopsies, traversing a short 
segment of normal parenchyma is recom-
mended so that the surrounding tissue can 
help compress and limit bleeding.12 Likewise, 
rectus sheath and iliopsoas hematomas of-
ten remain self-contained due to the natu-

ral pressure of muscular compartments.13,14 
Additionally, greater muscle thickness along 
nephrostomy catheter tracts has been asso-
ciated with reduced catheter displacement, 
suggesting that deeper musculature has a 
stabilizing effect.15 Although no study has 
directly evaluated the influence of muscle 
layers on bleeding after renal biopsy, these 
parallels support the plausibility that thicker 
muscle groups may similarly help constrain 
post-biopsy hemorrhage.

Major complications occurred at simi-
lar rates in the lateral-to-medial and me-

dial-to-lateral groups (3.4% vs. 3.6%, P = 
0.913), remaining below the < 5% thresh-
old recommended by SIR for PRB.3 These 
low rates likely reflect strict adherence to 
guideline-based anticoagulation manage-
ment,4-6 optimization of blood pressure,16 
performance in a high-volume tertiary cen-
ter,17 use of 18-gauge needles18 and a coaxial 
technique,19 tract tamponade/embolization 
when indicated,20 and maintenance of a cor-
tical–tangential trajectory.11,21,22 Minor com-
plications were also comparable between 
groups (33.8% vs. 36.0%, P = 0.608), with 

Table 2. Continued

  Lateral-to-medial approach 
(Group 1) (n = 237)

Medial-to-lateral approach 
(Group 2) (n = 253)

P value Test

Optimal (≥ 12 glomeruli) 21.5 ± 9.8 (n = 173) 20.9 ± 9.2 (n = 215) 0.511 t

Suboptimal (≥ 3 and < 12 glomeruli) 7.0 ± 1.9 (n = 53) 6.2 ± 1.6 (n = 26) 0.058 t

Inadequate (< 3 glomeruli) 1.5 ± 1.4 (n = 11) 1.7 ± 1.2 (n = 12) 0.724 f

Optimal diagnostic yield* 73.0% 85.0% 0.001 χ²

Suboptimal diagnostic yield* 95.4% 95.3% 0.958 χ²

Diagnostic yield with pathology opinion 96.6% 98.0% 0.335 χ²

Minor complications 80/237 (33.8%) 91/253 (36%) 0.608 χ²

Maximum perirenal hematoma size  
(minor, non-transfusion requiring) (mm) 17.3 ± 12.6 8.6 ± 8.9 0.001 t

Major complications 8/237 (3.4%) 9/253 (3.6%) 0.913 χ²

Total complications 88/237 (37.1%) 100/253 (39.5%) 0.586 χ²

t: Student’s t-test for independent samples; χ², chi-square test; f, Fisher’s exact test; *, optimal diagnostic yield was calculated as the proportion of biopsies with ≥ 12 glomeruli (O) 
among all biopsies (O + SO + IA). Suboptimal diagnostic yield was calculated as the proportion of biopsies with ≥ 3 glomeruli (O + SO) among all biopsies (O + SO + IA). O: Optimal 
(≥ 12 glomeruli); SO, suboptimal (3–11 glomeruli); IA, inadequate (< 3 glomeruli).

Table 3. Minor and major complications following percutaneous renal biopsy in Group 1 
(lateral to medial) and Group 2 (medial to lateral) approaches

Complication Lateral-to-medial  
approach 
(Group 1)

Medial-to-lateral  
approach 
(Group 2)

Total

(n = 237) (n = 253) (n = 490)

(n) (%) (n) (%) (n) (%)

Perirenal hematoma (non-transfusion 
requiring) 70 29.5% 77 30.4% 147 30.0%

Self-limiting discomfort symptoms 4 1.7% 6 2.4% 10 2.0%

Macroscopic hematuria 5 2.1% 6 2.4% 11 2.2%

Vasovagal reaction 1 0.4% 1 0.4% 2 0.4%

Bladder hematoma 0 0.0% 1 0.4% 1 0.2%

Minor complications 80 33.8% 91 36.0% 171 34.9%

Hemorrhage requiring transfusion (perirenal 
or retroperitoneal) 3 1.3% 5 2.0% 8 1.6%

Subcapsular hemorrhage requiring 
transfusion 1 0.4% 0 0.0% 1 0.2%

Arteriovenous fistula 1 0.4% 2 0.8% 3 0.6%

Arteriovenous fistula and pseudoaneurysm 2 0.8% 2 0.8% 4 0.8%

Death 1 0.4% 0 0.0% 1 0.2%

Major complications 8 3.4% 9 3.6% 17 3.5%

Total complications 88 37.1% 100 39.5% 188 38.4%



 

Biopsy route and cortex target in renal biopsy • 485

non-transfusion-requiring perirenal hema-
tomas being the most frequent (29.5% vs. 
30.4%, P = 0.792). Although these rates may 
appear high relative to the broad literature 
estimates (1.3%–33.3%),7 they align with 
studies performing routine post-biopsy US in 
all patients, which report hematoma detec-
tion rates of 33%–58%.23-25 This suggests that 
perirenal hematomas are likely under-recog-
nized in studies that image only symptomat-
ic patients. 

Most studies describe targeting the lower 
pole in PRB without specifying cortical orien-
tation, with only a few explicitly mentioning 
the lower pole lateral cortex.23,24 However, 
none evaluate whether sampling the medial 
cortex affects diagnostic outcomes, making 
this the first study to systematically assess 
this distinction in routine practice. Subopti-
mal diagnostic yield (≥ 3 glomeruli) (95.4% 
vs. 95.3%, P = 0.958) and pathologist-based 
diagnostic adequacy (96.6% vs. 98.0%, P = 
0.335) were similar between groups, as were 
mean glomerular counts across optimal (21.5 
± 9.8 vs. 20.9 ± 9.2, P = 0.511), suboptimal (7.0 
± 1.9 vs. 6.2 ± 1.6, P = 0.058), and inadequate 
(1.5 ± 1.4 vs. 1.7 ± 1.2, P = 0.724) biopsy cat-

egories. However, the proportion of optimal 
biopsies (≥ 12 glomeruli) was lower in the 
lateral-to-medial approach (73.0% vs. 85.0%, 
P = 0.001), below the 88% technical success 
benchmark recommended by SIR.3 Although 
this difference may suggest that the cortical 
region targeted could influence tissue yield, 
we emphasize that this remains speculative, 
as no histopathologic study has compared 
glomerular density between the medial and 
lateral cortices. Although SIR recommends 
obtaining ≥ 10 glomeruli in diffuse and ≥ 
20 in focal diseases, no universally accept-
ed adequacy threshold exists for native 
kidney biopsies.3,25-30 Adequacy assessment 
varies among nephropathologists, and the 
required number of glomeruli depends on 
disease distribution (diffuse vs. focal); the 
necessity of LM, IF, and EM for all cases also 
remains debated.25,31,32 Classification systems 
such as that developed by Geldenhuys et 
al.,10 although useful for quality benchmark-
ing, may not fully reflect real-world diagnos-
tic decision-making. In our study, although 
an optimal yield difference was observed, 
both approaches achieved high suboptimal 
and pathologist-based diagnostic adequacy, 
suggesting that overall diagnostic reliability 

remained clinically acceptable. Nevertheless, 
when medial cortical sampling is required, 
operators may consider yield-enhancing 
strategies such as using a needle with a larg-
er gauge and obtaining ≥ 3 cores33 or coor-
dinating with an on-site or bedside pathol-
ogist.5 Finally, although one autopsy study 
compared glomerular distribution between 
juxtamedullary and subcapsular regions,34 

no nephrectomy or autopsy study has com-
pared glomerular density between the me-
dial and lateral cortices. Future comparative 
studies may clarify whether intrinsic cortical 
differences contribute to the yield patterns 
observed here.

Our study has limitations. First, it was a 
single-center, retrospective analysis, and se-
lection and information bias may have been 
introduced. Second, muscle thickness mea-
surements were performed at the lower pole 
level on CT/MRI, but the biopsy needle tra-
jectory may not have perfectly matched the 
measurement plane. However, the marked 
difference in muscle thickness between ap-
proaches and the exclusion of cases with 
orientation anomalies likely minimized the 
impact of this limitation. Because the tra-
versed muscle groups differed substantially, 
procedure-related pain may also have dif-
fered between approaches; however, pain 
assessment (e.g., visual analog scale scoring) 
was not available due to the retrospective 
design. Additionally, procedures were per-
formed by two interventional radiologists, 
introducing potential operator-related vari-
ability. Nevertheless, both had > 10 years of 
experience and had performed > 1,000 bi-
opsies each, consistently using their respec-
tive techniques, which likely reduced skill-
based differences. Prospective, multicenter, 
randomized studies are needed to validate 
these findings and further clarify the influ-
ence of approach-related factors on biopsy 
outcomes.

In conclusion, this study—the first to 
compare how different access routes, mus-
cle pathways, and cortical targets influence 
PRB performance—demonstrated that both 
approaches are safe with acceptable compli-
cation rates. The medial-to-lateral approach, 
which traverses thicker paravertebral mus-
cles to sample the lateral cortex, resulted in 
smaller hematomas and a higher optimal 
diagnostic yield. Although suboptimal and 
pathologist-based adequacy were similarly 
high in both groups, operators should rec-
ognize the slightly lower optimal yield when 
sampling the medial cortex and may adjust 
techniques accordingly.

Figure 4. Examples of perirenal hemorrhage following biopsy using the lateral-to-medial approach. (a) 
Transverse non-contrast abdominal computed tomography (CT) images of a 45-year-old male patient who 
underwent percutaneous renal biopsy (PRB) for proteinuria, showing perirenal hemorrhage (yellow arrow) 
at the level corresponding to the needle entry site into the left kidney. (b) Axial non-contrast abdominal 
CT images obtained after PRB in a 51-year-old female patient being followed for vasculitis to assess renal 
involvement, demonstrating minimal perirenal hemorrhage (yellow arrow). 

a b

Figure 5. Examples of perirenal hemorrhage following biopsy using the medial-to-lateral approach. (a) Axial 
non-contrast abdominal computed tomography images of a 37-year-old male patient who underwent 
parenchymal renal biopsy (PRB) for nephrotic syndrome, showing perirenal hemorrhage (white arrow) 
in continuity with the kidney at its posterior aspect. (b) Axial non-fat-suppressed T2-weighted magnetic 
resonance imaging of a 45-year-old male patient who underwent PRB for acute kidney injury, demonstrating 
minimal hypointense perirenal hemorrhage (black arrow).

a b
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Minimizing radiation exposure in children: the role of spot region of 
interest imaging in venous access procedures 

PURPOSE
To evaluate the effectiveness of the spot region of interest (ROI) technique in reducing radiation 
exposure during fluoroscopically guided venous access procedures in pediatric patients.

METHODS
This retrospective study included pediatric patients who underwent central venous access proce-
dures in an interventional radiology unit of a tertiary care center. Data collected included patient 
demographics, procedure type, target vein, dose area product (DAP), cumulative dose, fluoroscopy 
time, and the DAP/fluoroscopy time ratio. 

RESULTS
A total of 131 patients (mean age: 8 ± 4.91; 48.9% women) were included, of whom 44 (33.6%) 
underwent procedures using the spot ROI technique. The spot ROI group demonstrated sig-
nificantly lower DAP and cumulative dose than the non-ROI group (reduction ratios: 63.8% and 
67.2%, respectively, P < 0.001 for all). When normalized to fluoroscopy time, the DAP/fluorosco-
py time ratio was also significantly reduced in the spot ROI group [15.34 (7.18–23.57) vs. 25.17 
(18.49–42.03); P < 0.001].

CONCLUSION
Spot ROI is an effective and safe technique for reducing radiation exposure during pediatric venous 
access procedures without compromising procedural success. Given the high radiation sensitivity 
of pediatric patients and the potential need for repeated interventions in those with chronic con-
ditions, spot ROI represents a valuable tool for dose optimization and aligns with the As Low As 
Reasonably Achievable (ALARA) principle.

CLINICAL SIGNIFICANCE
Spot ROI-based fluoroscopy significantly reduces radiation exposure in pediatric central venous 
catheterization without compromising procedural success. This hardware-based dose reduction 
technique complements the traditional ALARA principle and is particularly valuable for children 
requiring repeated interventions. These findings support broader clinical adoption and warrant 
validation in future prospective multicenter studies.
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Reducing radiation exposure is essential 
for ensuring the safety of all interven-
tional radiology procedures, especially 

in the pediatric population. Pediatric patients 
are more sensitive to ionizing radiation than 
adults, and the lifetime risk of radiation-in-
duced malignancy is considerably higher 
in this population.1-3 In interventional pro-
cedures requiring prolonged fluoroscopy, 
radiation dose optimization is of paramount 
importance for patient safety and fulfilling 
ethical responsibility. This is embodied in the 
concept of As Low As Reasonably Achievable 
(ALARA), which emphasizes minimizing ra-
diation dose while maintaining adequate 
image quality for clinical decision-making.2 
Incorporating the ALARA principle into clin-
ical practice is particularly critical in children, 
who are more vulnerable to the cumulative 
effects of repeated imaging and interven-
tions.

Various systems have been introduced to 
provide either direct or indirect protection 
against X-ray exposure. Among the earliest 
of these are beam collimators, which have 
been used in different designs and configu-
rations since the early days of X-ray imaging 
to limit radiation dose.4,5 More recently, the 
spot region of interest (ROI) function has 
been developed as an innovative technique 
to reduce radiation exposure, particularly 
during neurointerventional procedures.6

ROI-based fluoroscopic dose reduction 
technology delivers full-dose X-rays exclu-
sively to the targeted anatomical region 
while reducing the dose to surrounding 
areas by 65%–85% through a motorized 
attenuation filter.6 The frosted appearance 
of the peripheral area allows the operator 
to visualize the ROI in high resolution while 
maintaining anatomical orientation.6,7 Addi-
tionally, unlike conventional collimation, the 
ROI can be moved freely by the table in any 
X–Y direction.

In pediatric patients, radiation exposure 
associated with fluoroscopically guided ve-

nous access procedures has not been exten-
sively investigated, largely due to the prevail-
ing assumption that the doses involved are 
relatively low.8,9

The present study aims to compare radi-
ation doses in pediatric central venous cath-
eterization procedures performed with and 
without the spot ROI technique on the same 
angiography system.

Methods
This retrospective study was conduct-

ed at the Interventional Radiology Unit of 
Akdeniz University Hospital between Janu-
ary 2019 and December 2024. Institutional 
review board approval was obtained, and 
the requirement for informed consent was 
waived due to the retrospective design. Eth-
ical approval for this retrospective study was 
obtained from the Akdeniz University Ethics 
Committee (decision number: TBAEK-786; 
date of approval: 28.08.2025).

The inclusion criteria were as follows: pa-
tients aged 0–18 years who underwent venous 
catheter placement, including temporary or 
permanent hemodialysis catheters, Hickman 
and Broviac catheters, and central venous lines 
(Figure 1). Procedures were performed on an 
angiography system equipped with spot ROI 
technology (Alphenix biplane angiograph-
ic machine, Canon Medical Systems, Canon, 
Tochigi, Japan, 2019). Patients with missing 
dose data were excluded from the study.

For the ROI application, the target ana-
tomical region was aligned with the ROI field 

on the fluoroscopy monitor (Figure 2). The 
operator controlled the motorized attenua-
tion filter dynamically via a joystick. The pe-
ripheral area appeared frosted but retained 
low-dose visibility for anatomical orienta-
tion. The ROI position could be readjusted as 
necessary during the procedure.

Procedures were initiated with ultra-
sound-guided puncture of the vein, followed 
by ROI-guided fluoroscopy. In cases of vas-
cular variation or procedural difficulty, addi-
tional ROI-guided fluoroscopy with contrast 
injection was used to visualize the venous 
anatomy before catheter placement.

Statistical analysis

Data collected included patient demo-
graphics, procedure type, target vein, dose 
area product (DAP), cumulative dose, fluo-
roscopy time, and the DAP/fluoroscopy time 
ratio. Statistical analyses were performed 
using IBM SPSS Statistics for Windows, Ver-
sion 22.0 (IBM Corp., Armonk, NY, USA). The 
Shapiro–Wilk test was applied to assess the 
normality of continuous variables. Data not 
conforming to a normal distribution were 
reported as median values with interquartile 
ranges. Comparisons between two groups 
were conducted using the Mann–Whitney U 
test. Categorical variables were summarized 
as counts (n) and percentages (%), with dif-
ferences between groups evaluated using 
the chi-square test. A P value < 0.05 was con-
sidered statistically significant for all analy-
ses.

Main points

•	 Spot region of interest technology provides 
significant radiation dose reduction during 
pediatric central venous catheter place-
ment.

•	 Dose reduction is achieved without com-
promising procedural success, image qual-
ity, or safety.

•	 This technique offers an effective comple-
ment to the As Low As Reasonably Achiev-
able principle and supports safer pediatric 
interventional radiology practices.

Figure 1. Flowchart illustrating the data collection process with the inclusion and exclusion criteria.
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Results
A total of 153 pediatric patients under-

went venous catheter placement during the 
study period. Twenty-two patients were ex-
cluded due to missing radiation dose data, 
leaving 131 patients [mean age: 8 ± 4.91; 
48.9% women (n = 64)] for analysis. Of these, 
44 (33.6%) procedures were performed using 
the spot ROI technique, and 87 (66.4%) with-
out it.

There were no significant differences 
between the groups in terms of age or sex 
distribution. In both groups, tunneled he-
modialysis catheter placement was the most 
frequent procedure, with the internal jugular 
vein being the most common access site. In 
the ROI group, DAP, cumulative dose, and 
fluoroscopy time were all significantly lower 
than in the non-ROI group (Table 1). To ac-
count for potential differences in fluoroscopy 
time, the DAP-to-fluoroscopy time ratio was 

calculated as an indicator of radiation expo-
sure per unit time. This ratio was also signifi-
cantly reduced in the ROI group compared 
with the non-ROI group [15.34 (7.18–23.57) 
vs. 25.17 (18.49–42.03), P < 0.001]. Based on 
median values, the use of spot ROI resulted 
in reductions of 63.8% in DAP, 67.2% in cu-
mulative dose, and 39% in DAP/fluoroscopy 
time.

Discussion
Our study findings indicate that the ap-

plication of spot ROI resulted in a significant 
reduction in both total and time-normalized 
radiation doses. The spot ROI-based fluoro-
scopic dose reduction technique was initially 
developed for neurointerventional proce-
dures to reduce radiation exposure for both 
patients and operators. Phantom studies by 
Borota and Patz6 demonstrated that ROI pro-
vides significantly lower DAP, air kerma, and 
skin dose than conventional collimation and 
spot fluoroscopy methods. This is achieved 
without compromising the visibility of the 
target anatomy.6,7

To our knowledge, no previous studies 
have specifically evaluated ROI-based dose 
reduction in pediatric central venous access 
procedures. Pediatric dose optimization 
strategies have traditionally relied on the 
ALARA principle, frame rate reduction, a nar-
row field of view, or the air gap technique.2,10 
These methods do not incorporate hard-
ware-based ROI filtering mechanisms.

Figure 2. The bright central square (white arrow) represents the area imaged with the standard dose, 
whereas the darker peripheral zone reflects the application of an additional 0.7 mm copper filter for beam 
attenuation.

Table 1. Demographic characteristics of the patients and dose-related data of the procedures

ROI group (n = 44) Non-ROI group (n = 87) P value

Sex, n (%)
• Female 
• Male 

20 (45.5)
24 (54.5)

44 (50.6)
43 (49.4) 0.580 

Age* 7 (5–12) 9 (4.5–14) 0.071

Types of venous access, n (%)
• Chest wall port
• Non-tunneled catheter
• Tunneled catheter

4 (9.1)
4 (9.1)

36 (81.8)

0 (0)
0 (0)

87 (100) < 0.001

Venous access site, n (%)
• Jugular 
• Subclavian
• Femoral
• Transhepatic

40 (90.9)
0 (0)

2 (4.5)
2 (4.5)

86 (98.9)
1 (1.1)
0 (0)
0 (0)

0.035

Side, n (%)
• Right
• Left

38 (86.4)
6 (13.6)

68 (78.2)
19 (21.8) 0.259

Fluoroscopy time (minute)* 1.9 (1.52–2.53) 2.5 (1.99–3.44) 0.003

DAP (cGy·cm²)* 24.6 (14.36–43.51) 68.03 (38.55–123.44) < 0.001

Cumulative dose (mGy)* 1.09 (0.61–1.43) 3.32 (2.06–4.95) < 0.001

DAP/fluoroscopy time* 15.34 (7.18–23.57) 25.17 (18.49–42.03) < 0.001

*Values are presented as median (interquartile range). ROI, region of interest; DAP, dose area product
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Borota and Patz6 reported that neuroan-
giographic interventions performed with a 
biplane angiography system using spot ROI 
and peripheral-field shielding with a physical 
attenuation filter resulted in up to a 68% dose 
reduction. The findings of our pediatric cen-
tral venous catheter cohort (n = 131) are con-
sistent with these results: in procedures per-
formed with spot ROI, the median DAP was 
24.6 cGy·cm² compared with 68.03 cGy·cm² 
without ROI, representing an approximate 
63.8% reduction (P < 0.001); the cumulative 
dose was 1.09 mGy vs. 3.32 mGy, indicating 
about a 67.2% reduction (P < 0.001); and the 
DAP/fluoroscopy time ratio, reflecting expo-
sure per unit time, was 15.34 vs. 25.17, ap-
proximately 39% lower (P < 0.001). Although 
image quality was not formally scored in this 
cohort, as reported in the studies by Borota 
and Patz,6 the ability to follow surrounding 
anatomy and the clinical applicability of spot 
ROI were preserved.

Beyond neurointerventional procedures, 
this technique has also been applied in per-
cutaneous coronary interventions. Yoshina-
ga et al.7 reported that the use of spot ROI 
markedly decreases radiation dose rates 
compared with conventional collimation. In 
their findings, the dose rate with spot ROI 
was typically reduced to approximately one-
third to one-half of that observed without its 
use. Moreover, this approach may help avoid 
unintentional dose escalation, which can oc-
cur when aggressive collimation triggers au-
tomatic dose compensation by the imaging 
system.

Compared with conventional collimation, 
the spot ROI functionality provides a more 
precise and efficient method for radiation 
dose reduction. Although classical collima-
tion can decrease radiation exposure, it of-
ten leads to unintended dose increases due 
to automatic exposure compensation, and 
it may also compromise image quality in pe-
ripheral regions.11,12 Spot Fluoroscopy was in-
troduced as an advancement over standard 
collimation and has been shown to reduce 
both patient and operator doses while main-
taining sufficient image quality. However, it 
is limited by reduced flexibility and a smaller 
visual field.12 In contrast, spot ROI offers a dis-
tinct advantage by allowing selective visual-
ization of the target region with continuous 
dose reduction while preserving peripheral 
anatomical context.6 Borota and Patz6 re-
ported that spot ROI achieves approximate-
ly 30%–50% dose reduction compared with 
conventional collimation, without the draw-
back of dose compensation effects seen in 

standard methods. Thus, spot ROI represents 
a superior evolution of dose-optimization 
strategies, combining the benefits of spot 
fluoroscopy with enhanced safety and image 
fidelity.

The spot ROI technique is applied in neu-
rointerventional and cardiac procedures, 
where intervention times are typically pro-
longed. However, its potential benefits in pe-
diatric patients are particularly major, regard-
less of procedure time. Children are more 
radiosensitive than adults due to higher cell 
proliferation rates and longer life expectan-
cy, making any reduction in dose clinically 
meaningful, especially in those with chron-
ic conditions who require repeated central 
venous access and are at risk of cumulative 
radiation exposure due to their increased 
radiosensitivity.2 By demonstrating the ef-
fectiveness and advantages of spot ROI in 
this vulnerable group, our study provides a 
meaningful contribution to the existing lit-
erature. 

Importantly, ROI use did not adversely 
affect procedural duration, technical success 
rates, or image quality, supporting its feasi-
bility and safety in pediatric interventional 
radiology. This study helps fill a gap in the lit-
erature and provides a basis for larger multi-
center prospective trials to validate the ben-
efits of spot ROI in this patient population for 
other interventional radiology procedures.

This study has several limitations. First, 
its retrospective design may carry inherent 
risks of selection and referral bias, given that 
the cohort was derived from a tertiary care 
institution. Pediatric interventional radiolo-
gy procedures present specific challenges 
related to body size, which in this popula-
tion can range from infants with extremely 
low birth weight to adolescents and young 
adults. There was no information regarding 
the patients’ weight and height at the time of 
the procedure, which may affect the study’s 
dose analysis. Although the case distribution 
in tertiary centers is typically skewed toward 
smaller patients, no significant age differenc-
es were identified between the groups in this 
study. Second, the calculated radiation dose 
estimates are directly relevant only to oper-
ators employing comparable equipment, 
techniques, and training. As our institution is 
a teaching hospital, a proportion of venous 
access procedures are performed by radiol-
ogy residents under faculty supervision. 
Procedures conducted exclusively by highly 
experienced operators would likely result in 
lower radiation exposure. Lastly, the spot ROI 
technique is currently commercially avail-

able only on a single angiography system, 
which may restrict the generalizability of our 
findings. Additionally, the implementation of 
this technology in other centers may be lim-
ited by the need for equipment upgrades or 
associated costs.

In conclusion, the spot ROI-based fluoro-
scopic dose reduction technique effectively 
reduces patient radiation exposure during 
pediatric central venous catheter placement 
without compromising procedural success. 
This emerging technology has the potential 
to enhance both the efficiency and safety of 
interventional radiology practice. However, 
its effectiveness and safety should be further 
validated through prospective multicenter 
studies.
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Association of patellofemoral malalignment with early trochlear and 
patellar chondromalacia: a prospective T2* mapping study

PURPOSE
To investigate the association between patellofemoral malalignment and early-stage trochlear and 
patellar chondromalacia using the T2* mapping method.

METHODS
Seventy-five patients were included in the study and divided into two groups based on the pres-
ence (patient group) or absence (control group) of patellofemoral malalignment on magnetic reso-
nance imaging. The T2* mapping measurements were evaluated by dividing patellar and trochlear 
cartilage into 12 quadrants on sagittal slices. The groups were first compared based on the mean 
T2* relaxation times of the cartilage. Subsequently, the 12 quadrants were compared individually 
between the two groups. Cut-off values were calculated for the quadrants, with significant differ-
ences observed.

RESULTS
The patient group included 39 patients, and the control group included 36 patients. There was no 
significant difference between the groups in terms of mean T2* relaxation values for the trochlear 
and patellar cartilage. However, in the separate comparison of the 12 quadrants, T2* relaxation val-
ues in the upper-outer–outer (P1, T1) and upper-outer–inner (P2, T2) quadrants of both the troch-
lear and patellar cartilage were found to be statistically significantly higher in the patient group. 
Similarly, significant cut-off values were identified for the T1, P1, and P2 quadrants.

CONCLUSION
Early chondromalacia can be quantitatively detected using T2* mapping. In patients with elevat-
ed T2* relaxation values in the superior–lateral regions of the patellar and trochlear cartilage, pa-
tellofemoral malalignment should be considered in the etiology.

CLINICAL SIGNIFICANCE
Chondromalacia caused by patellofemoral malalignment may exhibit an asymmetric onset, with 
the superior–lateral quadrant as the initial site of cartilage damage in both trochlear and patellar 
cartilage.

KEYWORDS
Cartilage, malalignment, mapping, patella, trochlea

Patellofemoral malalignment is a common cause of anterior knee pain in the young pop-
ulation. The normal alignment of the patella with the trochlear groove (TG) is a critical 
factor in load bearing, and malalignment (displacement of the patella from its expect-

ed trajectory within the knee joint) can lead to chondromalacia, synovial proliferation, and 
subchondral bone changes from a young age.1,2 Early diagnosis and preventive interventions 
play a key role in avoiding irreversible cartilage damage. Therefore, it is important to monitor 
and thoroughly examine patients with patellofemoral malalignment from an early stage for 
potential cartilage damage.
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It is accepted that cartilage damage can 
be reversible in the early stages or that its 
progression can be halted with preventive 
interventions.3 Thus, for disease prevention 
or effective treatment, cartilage degenera-
tion must be reliably detected at the earliest 
stage. However, with conventional magnetic 
resonance imaging (MRI), early detection is 
generally not possible. Standard sequenc-
es provide only morphological informa-
tion about cartilage. This limitation exists 
because changes in water content within 
degenerated cartilage are minimal in the 
early stages, and the sensitivity of standard 
sequences to detect these changes is low.4,5 
Furthermore, due to their macromolecular 
structure, both proteoglycan and collagen 
protons have very short T2 relaxation times, 
making direct MRI measurement difficult.5-7 
As a result, quantitative MRI techniques such 
as T2 and T2* mapping have gained impor-
tance in this field.8,9 These mapping methods 
provide quantitative information about car-
tilage composition by evaluating changes in 
extracellular matrix components.10

In recent years, most studies examining 
the association between patellofemoral 
malalignment and chondromalacia have fo-
cused on patellar cartilage, often overlook-
ing trochlear cartilage.11-13 Similarly, studies 
using T2 and T2* mapping have generally 
evaluated tibiofemoral and patellar carti-
lage, with limited attention to trochlear car-
tilage.14-21 However, in cases of patellofem-
oral malalignment, the trochlear cartilage 
can also be affected and may contribute to 
anterior knee pain even in the absence of 
patellar cartilage damage. To the best of our 
knowledge, no previous study has exam-
ined the association between patellofemoral 
malalignment and early-stage damage to 
both patellar and trochlear cartilage using 
T2* mapping.

The main hypothesis of this study is that 
patellofemoral malalignment is an etiolog-
ical factor in both patellar and trochlear 
chondromalacia and that the chondroma-
lacia caused by this malalignment exhibits 
an asymmetric onset on both joint surfaces 

from an early age. Another hypothesis is that 
this asymmetric chondromalacia can be de-
tected at an early stage in both the patella 
and trochlea using T2* mapping.

In line with these hypotheses, one of the 
aims of the study is to investigate the associ-
ation between patellofemoral malalignment 
and early-stage chondromalacia of trochlear 
and patellar cartilage using T2* mapping in 
young adults. Another aim is to determine 
which regions of the cartilage is first affected 
by chondromalacia.

Methods

Participants

 This prospective study was approved by 
the İzmir Katip Çelebi University Faculty of 
Medicine Clinical Researches Ethics Commit-
tee (date: 12.09.2019, number: 88). Between 
January 2023 and January 2024, 524 patients 
who presented to the orthopedics and trau-
matology department with complaints of an-
terior knee pain and were suspected of hav-
ing patellar malalignment based on physical 
examination by two orthopedists were in-
cluded in the study (Figure 1). Exclusion 
criteria included being under 18 or over 40 
years of age, a history of trauma or surgery in 
the knee region, any rheumatologic disease, 
or evidence of osteoarthritis on knee radio-
graphs. A power analysis was conducted to 
determine the sample size, calculating that 
at least 36 patients per group (72 in total) 
would be required. The study was planned 
to conclude once this minimum number was 
reached in each group.

From the 524 patients prospectively 
evaluated, the following were excluded: 
those under 18 years (n = 62), over 40 years 
(n = 308), with a history of trauma (n = 23) 
or surgery (n = 20) in the knee region, with 
any rheumatologic disease (n = 12), and with 
osteoarthritic findings on knee radiographs 
(n = 12). The age range of 18–40 years was 
selected to eliminate the influence of pedi-
atric cartilage and age-related degenerative 
changes on the results. Additionally, cases 
with traumatic, postoperative, rheumatolog-
ic, or osteoarthritic cartilage changes were 
excluded to avoid confounding effects.

A routine knee MRI and T2* mapping pro-
tocol was performed using a 3T MRI scanner 
(Magnetom Lumina, Siemens Healthineers, 
Erlangen, Germany) on the 87 patients who 
met the inclusion criteria (Supplementary 
Table 1). Four patients were excluded due 
to motion artifacts that rendered the MRI 
scans non-diagnostic. Furthermore, since 

the primary aim of the study was to detect 
early-stage chondromalacia in young adults 
and given that the optimal T2* relaxation 
time measurement is not feasible in the pres-
ence of full-thickness or near full-thickness 
cartilage defects due to the partial volume 
effect of synovial fluid within the mapping 
area, eight patients with high-grade (stage 
3 or 4) chondromalacia were excluded.22 This 
ensured a homogeneous study cohort and 
alignment with the study’s objectives.

 Patellofemoral instability magnetic reso‑
nance imaging parameters

A total of 75 patients underwent mor-
phological evaluation using standard MRI se-
quences. Parameters identified in the literature 
for diagnosing patellofemoral malalignment–
including the Insall–Salvati index, lateral pa-
tellofemoral angle, lateral trochlear inclination 
angle, trochlear sulcus depth, trochlear sulcus 
angle, tibial tubercle (TT)–TG distance, and 
medial trochlea/lateral trochlea length ratio–
were measured. Patients were divided into two 
groups, those with patellofemoral malalign-
ment (patient group) and those without 
(control group), based on the cut-off values 
established in the literature (Table 1). These 
measurements were performed using validat-
ed techniques described in the Supplementary 
Material 1.23-28 Patients presenting with anterior 
knee pain and physical examination findings 
consistent with patellofemoral malalignment 
were classified into the malalignment group if 
one or more of these MRI-based morphologi-
cal parameters were present.

Cartilage T2* relaxation measurement

Next, T2* relaxation measurements were 
performed on sagittal slices with a thickness 
of 3 mm. In the T2* mapping sequences, the 
trochlear and patellar cartilage was manual-
ly divided on sagittal images into superior, 
middle, and inferior thirds along the vertical 
axis and into medial–medial, medial–lateral, 
lateral–medial, and lateral–lateral quadrants 
along the horizontal axis, yielding a total of 
12 quadrants for each structure (Table 2). 
This approach allowed a comprehensive 
sampling of both the patellar and trochlear 
cartilage.

After identifying the four main quadrants 
along the horizontal axis, a sagittal slice pass-
ing through the center of each quadrant 
was selected separately for the patellar and 
trochlear cartilage (yielding eight sagittal 
slices in total). A region of interest (ROI) was 
then manually placed at the center of the 
superior, middle, and inferior thirds of each 

Main points

•	 Patellofemoral malalignment is a key cause 
of chondromalacia.

•	 Early chondromalacia in patellofemoral 
malalignment typically involves the supero-
lateral portions of patellar and trochlear 
cartilage.

•	 Early detection of chondromalacia using T2* 
mapping may improve treatment success.
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selected sagittal slice, and T2* relaxation val-
ues were recorded (Figure 2). Measurements 
were performed using the Siemens syngo.
via (Siemens Healthcare, Erlangen, Germany) 
software on the MRI workstation. To mini-
mize sampling error, small and similarly sized 
ROIs were used whenever possible, and high 
magnification was employed to avoid inter-
faces with synovial effusion and subchondral 
bone.29

All measurements were performed in con-
sensus by two radiologists, one with 10 years 
of experience and another with 24 years of 
experience in musculoskeletal radiology. To 
reduce measurement errors and potential 
bias, morphological assessments and T2* re-

laxation measurements were conducted in 
separate sessions, spaced 1 month apart.

Statistical analysis

To calculate the sample size, G*Power 
3.1 (Heinrich Heine University, Düsseldorf, 
Germany) software was used. The study by 
Subhawong et al.30 served as the basis for this 
calculation. Based on the patient and control 
group average values reported in that study, 
with an α value of 0.05 and power of 0.8, the 
total sample size was calculated as 72, with 
36 in each group.

Statistical analyses were performed using 
IBM SPSS Statistics Standard Concurrent User 
V27 (IBM Corp., Armonk, New York, USA). De-

scriptive statistics were presented as count 
(n), percentage (%), mean ± standard devia-
tion (SD), median, minimum, and maximum 
values. The normality of numerical variables 
was assessed using the Shapiro–Wilk test, 
and homogeneity of variances was evaluat-
ed using the Levene test.

Group comparisons were performed us-
ing the independent two-sample t-test, as 
the data met the assumptions for parametric 
testing. The receiver operating characteristic 
(ROC) analysis method was used to evalu-
ate the area under the curve (AUC). Repeat-
ed measures analysis of variance (ANOVA) 
was used to compare measurement values, 
mixed design ANOVA was used to compare 
values between groups, and Bonferroni cor-
rection was applied for main effect compari-
sons in the mixed design ANOVA. A P value of 
<0.05 was considered statistically significant.

Results
Among the 75 patients included in the 

study, 39 had MRI findings of patellofemo-
ral malalignment (patient group), whereas 
the remaining 36 did not show such find-
ings (control group). The patient group 
comprised 17 men and 22 women, and the 
control group contained 16 men and 20 
women. The mean age of the patient group 

Figure 1. Study flowchart. MRI, magnetic resonance imaging; TT-TG, tibial tubercle-trochlear groove.

﻿Table 1. Patellofemoral malalignment magnetic resonance imaging measurements and 
values associated with patellofemoral malalignment

Patellofemoral malalignment MRI measurements Values associated with patellofemoral 
malalignment

Insall–Salvati index >1.2

Lateral patellofemoral angle <8°

Lateral trochlear inclination angle <11°

Trochlear sulcus depth <3 mm

Trochlear sulcus angle >144°

TT–TG distance >15 mm

Medial trochlea/lateral trochlea ratio <40%

MRI, magnetic resonance imaging; TT–TG: tibial tubercle–trochlear groove.
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was 27.69 years (range: 19–40; SD: ±6.39), 
whereas the control group had a mean age 
of 28.17 years (range: 19–39; SD: ±6.58). The 
mean body mass index (BMI) was 24.38 (SD: 
±3.01) in the patient group and 24.68 (SD: 
±3.73) in the control group. No statistically 
significant differences were found between 
the groups regarding gender, age, or BMI (P 
= 0.949, P = 0.680, and P = 0.725, respective-
ly).

An overall average T2* relaxation value for 
both the trochlea and patella was calculated 
by averaging the detailed T2* relaxation val-
ues from the 12 quadrants. When comparing 
these average T2* relaxation values without 
quadrant differentiation, no statistically sig-
nificant differences were observed between 
the groups (Table 3).

Next, T2* relaxation values obtained by 
dividing the trochlear and patellar cartilage 
into 12 quadrants in the sagittal plane were 
compared. According to the results, T2* re-

laxation values in the superior-lateral–lateral 
(T1, P1) and superior-lateral–medial (T2, P2) 
quadrants of both the trochlear and patellar 
cartilage were significantly higher in the pa-
tient group (P = 0.013, P = 0.001, P = 0.017, 
and P = 0.044, respectively) (Tables 4 and 5).

Additionally, a ROC analysis was con-
ducted to determine cut-off values for T2* 
relaxation in the 12 defined quadrants (Sup-
plementary Tables 2 and 3). The evaluation 
revealed that the AUC was statistically signif-
icant for the P1, P2, and T1 quadrants. When 
assessing T2* relaxation values in these 
quadrants, values in the T1, P1, and P2 quad-
rants were significantly higher in the patient 
group. It was also possible to determine a 
diagnostic cut-off value for each of these re-
gions. The threshold values were calculated 
as above 21.7 milliseconds for T1, above 24.1 
milliseconds for P1, and above 24.3 millisec-
onds for P2 (Supplementary Table 4).

Discussion
In this study, we evaluated the association 

between patellofemoral malalignment and 
early-stage trochlear and patellar chondro-
malacia using T2* mapping. There was no 
difference in the average T2* relaxation val-
ues of the trochlear and patellar cartilage be-
tween the two groups, with and without MRI 
findings of patellofemoral malalignment. 
However, when the T2* relaxation values of 
the 12 quadrants were compared individ-
ually, values in the superior-lateral–lateral 
quadrant (P1, T1) and superior-lateral–medi-
al quadrant (P2, T2) of both the trochlear and 
patellar cartilage were significantly higher in 
the patient group. These results suggest that 
chondromalacia caused by patellofemoral 
malalignment may exhibit an asymmetric 
onset, with the superior-lateral quadrant as 
the initial site of cartilage damage in both 
the trochlear and patellar cartilage.

It is well established that early-stage car-
tilage degeneration can be reversible or its 
progression halted through various interven-
tions, including pharmacotherapy, lifestyle 
changes, or realignment surgery.3 There-
fore, reliable early detection of cartilage 
degeneration is critical for successful treat-
ment. Standard sequences (T1 weighted, T2 
weighted, and proton density) only provide 
information about cartilage morphology and 
have relatively low sensitivity for detecting 
early degeneration.5 Quantitative MRI tech-
niques, such as T2 and T2* mapping, have 
gained increasing importance for early carti-
lage assessment.8,9 In particular, T2 mapping 
is used to evaluate water content and colla-
gen fiber orientation within cartilage and is 
widely applied in clinical practice.31 By con-
trast, T2* mapping similarly assesses carti-
lage water content but has the advantage of 

Table 2. T2* relaxation measurement areas of the trochlear and patellar cartilage

Trochlea quadrant Region description Patella quadrant Region description

T1 Upper-lateral–lateral quadrant P1 Upper-lateral–lateral quadrant

T2 Upper-lateral–medial quadrant P2 Upper-lateral–medial quadrant

T3 Upper-medial–lateral quadrant P3 Upper-medial–lateral quadrant

T4 Upper-medial–medial quadrant P4 Upper-medial–medial quadrant

T5 Mid-lateral–lateral quadrant P5 Mid-lateral–lateral quadrant

T6 Mid-lateral–medial quadrant P6 Mid-lateral–medial quadrant

T7 Mid-medial–lateral quadrant P7 Mid-medial–lateral quadrant

T8 Mid-medial–medial quadrant P8 Mid-medial–medial quadrant

T9 Lower-lateral–lateral quadrant P9 Lower-lateral–lateral quadrant

T10 Lower-lateral–medial quadrant P10 Lower-lateral–medial quadrant

T11 Lower-medial–lateral quadrant P11 Lower-medial–lateral quadrant

T12 Lower-medial–medial quadrant P12 Lower-medial–medial quadrant

Figure 2. Trochlear (a) and patellar (b) cartilage T2* relaxation time measurements. ROI, region of interest; 
SD, standard deviation.

a b
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a shorter acquisition time compared with T2 
mapping. Additionally, T2* mapping is more 
sensitive to local magnetic field inhomoge-
neities, making it more effective for detect-
ing early-stage changes.14,32

In addition, T1 rho mapping, which is sen-
sitive to proteoglycan content, can indicate 
early degeneration but is limited by longer 
acquisition times and reduced scanner com-

patibility.33 Delayed gadolinium-enhanced 
MRI of cartilage measures glycosaminogly-
can concentrations using a contrast agent 
and can detect early glycosaminoglycan loss. 
However, its use is limited by the need for 
contrast injection and prolonged imaging 
duration.33

Quantitative T2* mapping has been 
reported as an effective technique for as-

sessing cartilage compositional integrity.14 
Compared with T2 mapping, T2* mapping 
is more sensitive to subtle changes in tissue 
composition due to its sensitivity to local 
field inhomogeneities, which have dephas-
ing effects.14,32 It also provides a high signal-
to-noise ratio and high spatial resolution, 
with relatively short scan times.16 Mars et al.34 
concluded that T2* mapping was superior 
to T2 mapping for detecting cartilage injury. 

Table 5. Comparison of patellar cartilage T2* relaxation values (milliseconds) between groups

Quadrant Patellofemoral malalignment P value

No Yes

P1 23.22 ± 4.37 27.03 ± 4.91 0.001

P2 23.96 ± 4.51 26.49 ± 5.92 0.044

P3 23.11 ± 5.32 23.34 ± 4.30 0.840

P4 19.46 ± 3.04 20.32 ± 4.37 0.322

P5 22.52 ± 5.02 23.14 ± 7.27 0.674

P6 23.33 ± 6.10 24.28 ± 5.89 0.498

P7 22.31 ± 4.12 21.83 ± 4.42 0.629

P8 19.64 ± 4.1 19.98 ± 5.87 0.775

P9 20.29 ± 3.68 19.58 ± 5.12 0.499

P10 22.14 ± 3.39 23.22 ± 5.57 0.323

P11 20.40 ± 4.04 21.91 ± 4.74 0.149

P12 19.29 ± 4.16 19.20 ± 4.89 0.930

Values are presented as mean ± standard deviation. The values written in bold are statistically significant.

Table 3. Comparison of mean T2* relaxation values (milliseconds) of the trochlear and patellar cartilage in groups with patellofemoral 
malalignment

Patellofemoral malalignment Trochlear cartilage
(mean ± SD)

Patellar cartilage
(mean ± SD)

Yes 22.18 ± 3.59 22.52 ± 3.15

No 20.78 ± 3.47 21.63 ± 2.06

P value 0.094 0.163

SD, standard deviation.

Table 4. Comparison of trochlear cartilage T2* relaxation values (milliseconds) between groups

Quadrant Patellofemoral malalignment P value

No Yes 

T1 17.60 ± 4.17 20.53 ± 5.54 0.013

T2 19.38 ± 5.99 22.60 ± 6.04 0.017

T3 23.31 ± 6.18 25.60 ± 6.68 0.132

T4 16.25 ± 4.92 18.54 ± 5.86 0.074

T5 24.88 ± 4.72 26.52 ± 6.91 0.242

T6 25.59 ± 5.34 25.88 ± 5.38 0.818

T7 24.80 ± 7.92 27.31 ± 5.77 0.122

T8 20.73 ± 5.47 22.20 ± 5.32 0.247

T9 18.18 ± 5.96 19.89 ± 6.88 0.260

T10 19.94 ± 6.46 19.09 ± 5.66 0.548

T11 18.36 ± 5.54 19.23 ± 5.41 0.496

T12 18.38 ± 5.94 18.77 ± 5.16 0.762

Values are presented as mean ± standard deviation. The values written in bold are statistically significant.
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Therefore, T2* mapping is considered more 
sensitive for detecting changes within carti-
lage tissue. However, its role across different 
stages of cartilage degeneration remains 
incompletely defined. There is evidence 
that T2* mapping is useful for identifying 
early-stage degeneration in cartilage areas 
that exhibit elevated T2* relaxation times 
compared with normal cartilage.14 However, 
no previous studies have identified the spe-
cific anatomical regions where early cartilage 
damage begins in the patella and trochlea.

The most significant difference between 
our study and previous studies in the litera-
ture is that we performed detailed measure-
ments by dividing the trochlear and patellar 
cartilage into 12 quadrants to detect hetero-
geneous changes. This aspect of our study is 
superior to others in the literature. Only Ruiz 
Santiago et al.9 used a similar quadrant divi-
sion method; however, the main purpose of 
their study was to determine the relationship 
between cartilage T2 values and the current 
staging of chondromalacia, which is not the 
subject of our research.

In our study, when comparing the av-
erage T2* relaxation values of the trochlea 
and patella in the sagittal plane between the 
patient and control groups, no statistically 
significant difference was found. However, 
when detailed T2* relaxation measurements 
were made by dividing the trochlea and pa-
tella into 12 quadrants, statistically significant 
results were obtained in specific quadrants. 
Similar to our findings, Kim et al.35 reported 
that the involvement of lateral patellar facet 
cartilage was statistically significantly higher 
in the patellofemoral malalignment group. 
Additionally, in our study, T2* relaxation val-
ues in the lateral quadrants (P1, P2) of the 
patellar cartilage were higher in the patel-
lofemoral malalignment group. Furthermore, 
T2* relaxation values in the lateral quadrants 
(T1, T2) of the trochlear cartilage, similar to 
the patella, were also significantly higher in 
our study. Various mechanisms may explain 
this. One explanation is that in patients with 
patellofemoral malalignment, the contact 
area between the patella and the TG de-
creases during flexion, leading to increased 
maximum patellofemoral contact pressure.36 
Additionally, when the TT–TG distance in-
creases, the patella shifts laterally, which es-
pecially increases patellofemoral joint stress 
on the lateral side.37 These changes in load 
transfer may explain the greater occurrence 
of chondromalacia on the lateral side.

Consistent with these mechanisms, our 
study also found statistically significant T2* 

relaxation values in the lateral quadrants 
and statistically significant results in the 
ROC analysis. These findings indicate that 
chondromalacia caused by patellofemoral 
malalignment exhibits an asymmetric onset 
and is more prevalent on the lateral joint sur-
faces of both the patella and trochlea. There-
fore, evaluating the trochlear and patellar 
cartilage by dividing it into quadrants, rath-
er than relying on average values, using the 
T2* mapping method is more sensitive and 
meaningful for assessing early-stage chon-
dromalacia.

Another statistical analysis in our study 
involved conducting ROC analysis to deter-
mine cut-off values for the presence of chon-
dromalacia in all quadrants of both the troch-
lea and patella. Accordingly, it was found 
that cut-off values could be determined for 
specific quadrants in the sagittal plane. In 
particular, T2* mapping measurements in 
the T1, P1, and P2 quadrants revealed sta-
tistically significant relaxation values and al-
lowed for the determination of cut-off values 
in the ROC analysis.

Therefore, we believe it is meaningful 
to focus on the T1 and P1 quadrants for 
measurements and to consider the results 
obtained from these regions. Although a 
cut-off value could also be determined for 
the P2 quadrant in the ROC analysis, the 
practical and memorable nature of obtain-
ing significant results in both the T2* relaxa-
tion values and ROC analysis for the T1 and 
P1 areas may facilitate easier measurement 
and clinical application. For cut-off values to 
be practically applicable in clinical settings, 
they need to be verified through further 
studies. Thus, rather than proposing the cut-
off values identified in our study as defini-
tive criteria, we recommend that quadrants 
where cut-off values can be determined be 
evaluated more carefully when assessing 
early-stage chondromalacia. This approach 
will help alert clinicians to areas that require 
focused attention and support more effec-
tive follow-up.

Similarly, Fulkerson et al.38 noted that dif-
ferent regions of the patellar cartilage are 
not equally affected by chondromalacia and 
that different mechanisms are responsible 
for damage in different regions. He reported 
that lateral patellar facet cartilage damage is 
associated with chronic patellar tilt, where-
as medial facet cartilage damage is linked 
to patellar dislocation. Therefore, in clinical 
evaluations, both T2* relaxation values and 
the patient’s morphological MRI findings and 
clinical history should be considered.

Our study has some limitations. The main 
limitation is that, despite dividing the troch-
lea and patella into 12 quadrants and meas-
uring from the midpoint of each quadrant 
to detect heterogeneous chondromalacia 
distribution, exact standardization may not 
be achieved for measurement localization in 
each patient. Chondromalacia in each quad-
rant may not occur precisely in the center but 
may develop at the edges.

Second, in our study, T2* relaxation value 
measurements were performed only on sag-
ittal slices for both the patella and trochlea, 
without including axial or coronal slices. Giv-
en the imaging planes, the rationale for per-
forming T2* relaxation measurements in the 
sagittal plane for both trochlear and patellar 
chondromalacia was to ensure more accu-
rate assessment, particularly for the trochlea, 
which has a steep orientation. Sagittal plane 
acquisition allows evaluation of the articular 
cartilage perpendicular to the shearing forc-
es acting on the joint. Anatomically, meas-
urements taken in other planes may not yield 
accurate results for the trochlea. Additionally, 
the relatively thick slice thickness of T2* map-
ping compared with cartilage thickness in 
other planes may contribute to inaccuracies. 
These factors may lead to the incorrect calcu-
lation of T2* relaxation values due to the par-
tial volume effect from non-cartilage struc-
tures.22 Therefore, we believe sagittal plane 
measurements are more reliable than those 
taken in the axial or coronal planes, especial-
ly for the trochlea. However, evaluation and 
comparison across slices in axial and coronal 
planes could contribute to standardizing the 
most appropriate measurement plane.

All patients in our study were sympto-
matic with anterior knee pain; however, the 
absence of an objective scoring system to 
quantify symptom severity may be consid-
ered a third limitation. As a general limita-
tion of imaging-based studies, there was no 
histopathological verification of chondro-
malacia. Nonetheless, given the presence of 
well-defined and widely accepted diagnostic 
criteria, invasive procedures are no longer 
preferred or routinely used in current clinical 
practice and research. Although T2* value 
measurements in our study were performed 
by consensus between two radiologists ex-
perienced in musculoskeletal radiology, in-
tra-observer and inter-observer agreement 
were not assessed.

In conclusion, in the presence of patel-
lofemoral malalignment, both patellar and 
trochlear cartilage can be examined more 
specifically by dividing them into quadrants 
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rather than using a general assessment. 
Early chondromalacia can be detected by 
quantitatively assessing the superior-lat-
eral sections of the patellar and trochlear 
cartilage using T2* mapping. Additionally, 
in patients with high T2* relaxation values 
identified in the superior-lateral sections of 
the patellar and trochlear cartilage, patel-
lofemoral malalignment should be primar-
ily considered as the etiology of chondro-
malacia. Thus, T2* mapping may serve as a 
valuable non-invasive imaging tool for the 
early diagnosis and monitoring of cartilage 
degeneration in patients with patellofemo-
ral malalignment.
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M U S C U L O S K E L E TA L  I M A G I N G

Magnetic resonance imaging-based morphologic features associated 
with ankle sprain and increased risk of ligament tear

PURPOSE
To identify magnetic resonance imaging (MRI)-based morphologic features of the distal tibiofibular 
syndesmosis and talocrural joint associated with ankle sprains and to determine which parameters 
are specifically linked to an increased risk of ligament tears after sprains.

METHODS
This retrospective study included ankle MRI examinations performed between January 2022 and 
November 2025. Two analytic datasets were constructed: Dataset 1 compared patients with ankle 
sprains and MRI-confirmed ligament tears to healthy controls with completely normal ankle MRIs; 
Dataset 2 compared controls, patients with sprains but no ligament tears, and patients with sprains 
and ligament tears. Standardized morphometric measurements of the distal tibiofibular syndes-
mosis and talocrural joint were obtained, including absolute and ratio-based parameters. Group 
comparisons were performed using appropriate univariable tests with multiple-comparison cor-
rection. Multivariable logistic regression was used to identify independent predictors of ligament 
tears. Inter-reader reliability was assessed using intraclass correlation coefficients and Bland–Alt-
man analysis.

RESULTS
In Dataset 1, compared with healthy controls, tibiofibular clear space and the fibular notch depth–
to–tibial thickness ratio were significantly higher in patients with ankle sprains and ligament tears, 
whereas the lateral malleolar height–to–talar articular width ratio was significantly lower (all P < 
0.05). Multivariable analysis demonstrated that tibiofibular clear space and the fibular notch depth–
to–tibial thickness ratio were independent predictors. In Dataset 2, tibiofibular clear space, fibular 
notch depth–to–tibial thickness ratio, and lateral malleolar height–to–talar articular width ratio 
differed significantly across three groups (all P < 0.05). Notably, only the lateral malleolar height–
to–talar articular width ratio independently differentiated patients with sprains and ligament tears 
from those without tears (P = 0.025). Model discrimination was moderate to good (area under the 
curve: 0.699 and 0.785).

CONCLUSION
Specific MRI-based morphologic features are associated with both ankle sprain susceptibility and 
an increased risk of ligament tears. Among these, the lateral malleolar height–to–talar articular 
width ratio appears to be a morphometric parameter associated with an increased likelihood of 
ligament tears.

CLINICAL SIGNIFICANCE
MRI-based morphometric assessment, particularly the lateral malleolar height–to–talar articular 
width ratio, may help identify patients with ankle sprains who are at an increased risk for ligament 
tears and support more individualized clinical management.

KEYWORDS
Ankle joint, ankle sprain, ligament injury, magnetic resonance imaging, trauma
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Lateral ankle sprain is among the most 
common musculoskeletal injuries in 
athletes, as well as in general popula-

tions, and represents a major source of mor-
bidity worldwide.1,2 The typical mechanism 
is forced inversion combined with internal 
rotation. It frequently occurs during sudden 
cutting or landing maneuvers, particularly in 
sports activities.3,4 Despite being considered 
a relatively benign trauma, it is associated 
with high recurrence, chronic symptoms, 
and instability, eventually leading to long-
term consequences such as post-traumatic 
osteoarthritis.5 

Anatomical and biomechanical factors 
play an important role in the mechanism 
of ankle sprains. The ankle joint has a com-
plex structure and limited osseous stabili-
ty; therefore, its integrity depends on liga-
mentous structures.6 The distal tibiofibular 
syndesmosis, in particular, contributes sub-
stantially to mortise stability; even minor 
widening of the syndesmosis can change 
joint mechanics and increase the risk of in-
stability.7 Additionally, variations in the ta-
locrural joint have been shown to influence 
the susceptibility to lateral sprains, lateral 
malleolar fractures, or chronic instability.8,9 
In parallel, recent studies have demonstrat-
ed that chronic ankle instability is accom-
panied by functional changes that may be 
associated with underlying osseous mor-
phology.10 

Although several investigations have 
explored structural risk factors for ankle 
sprains, most prior studies have focused on 
either sprain history with ligament injury vs. 
non-sprain group (not a completely healthy 
control group) comparisons or on differenti-
ating sprains from fractures.8,11-16 Important-
ly, very few have incorporated a well-defined 

control group with completely normal mag-
netic resonance imaging (MRI), and previous 
research has rarely attempted to examine 
which morphological features increase the 
risk of sprains vs. those that contribute to the 
presence of ligament tears. 

Thus, the specific MRI-based anatomical 
characteristics that either promote initial in-
juries or determine whether sprains evolve 
into ligament tears remain insufficiently 
understood. Identifying anatomical fea-
tures associated with the presence of tears 
may have important clinical implications, 
including earlier risk stratification, targeted 
prevention strategies, and more individual-
ized rehabilitation or treatment planning. To 
address this gap, this study aims to identi-
fy MRI-based morphological parameters of 
the distal tibiofibular syndesmosis and ta-
locrural joint that are associated with ankle 
sprains and to determine which anatomical 
features are specifically linked to ligament 
tears.

Methods
This retrospective study was conduct-

ed in accordance with the principles of the 
Declaration of Helsinki and was approved 
by the Koç University Biomedical Research 
Ethics Committee (approval number: 
2025.503.IRB2.226, date: 10.11.2025). Writ-
ten informed consent, including permission 
for the anonymized use of imaging data for 
research purposes, was obtained from all pa-
tients before radiologic evaluation as part of 
routine clinical practice at our institution.

Study participants

Patients who had an ankle MRI at Koç 
University Hospital, a tertiary care institu-
tion, between January 2022 and November 
2025 were reviewed retrospectively. Individ-
uals were included if the clinical referral or 
preliminary diagnosis indicated lateral an-
kle sprains or if their MRI reports contained 
terms such as “lateral ankle sprain” or “lateral 
ankle injury.” A control group was formed 
from patients examined during the same pe-
riod who had no history of ankle trauma in 
the MRI referral indications and whose MRI 
reports were interpreted as completely nor-
mal. Both pediatric and adult patients were 
eligible. Patients were excluded if they had a 
history of lower extremity surgery, fractures, 
tumors, infection, or marked degenerative 
joint disease. Additional exclusion criteria 
included injuries resulting from pronation–
external rotation or pronation–abduction 
mechanisms, suboptimal MRI image quality, 
and cases with unclear or inconsistent trau-
ma mechanisms. Based on these criteria, two 
analytic datasets were constructed: the first 
compared patients with ligament tears and 
sprains with healthy controls, and the second 
compared healthy controls, patients with 
sprains without ligament tears, and patients 
with sprains and ligament tears (Figure 1).

Magnetic resonance imaging protocol

MRI examinations were performed us-
ing a 3.0-T scanner (MAGNETOM Skyra; Sie-
mens Healthineers, Erlangen, Germany) or 
a 1.5-T scanner (MAGNETOM Aera; Siemens 
Healthineers), with a dedicated 16-channel 

Main points

•	 Distal tibiofibular syndesmosis and talocru-
ral joint morphology show measurable dif-
ferences on magnetic resonance imaging 
(MRI) in patients with ankle sprains and lig-
ament tears.

•	 Tibiofibular clear space and the fibular notch 
depth–to–tibial thickness ratio is increased 
in patients with lateral ankle sprains.

•	 The lateral malleolar height–to–talar ar-
ticular width ratio is the parameter that 
independently differentiates patients with 
sprains and ligament tears from those with-
out tears.

•	 Detailed MRI-based morphometric assess-
ment may improve anatomical risk stratifi-
cation in patients with ankle sprains.

Figure 1. Flowchart of the study. MRI, magnetic resonance imaging.
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phased-array coil optimized for high-resolu-
tion ankle imaging. Patients were positioned 
supine in a neutral position to avoid plantar 
flexion or dorsiflexion. The protocol included 
axial and sagittal T1-weighted spin-echo se-
quences, as well as axial, coronal, and sagittal 
fat-suppressed proton density sequences. In 
all cases, imaging was obtained on the same 
day or within a few days after the traumatic 
event and, therefore, generally reflects the 
acute phase of injuries. 

Image analysis

All MRI examinations were independent-
ly reviewed by two radiologists with 10 and 
15 years of experience, who were blinded 
to clinical details and patient groups. Mor-
phometric MRI measurements included the 
angle between the anterior and the poste-
rior facets, the anterior and posterior facet 
lengths of the fibular notch, the fibular notch 
depth, tibial and fibular thickness, medial and 
lateral malleolar articular surface heights, ta-
lar articular surface width, the length of the 

tibial incisura, the anterior and posterior 
widths of the tibiofibular syndesmosis, and 
the tibiofibular clear space (Figures 2 and 
3). As described in previous morphometric 
MRI studies, axial measurements of the dis-
tal tibiofibular syndesmosis were obtained 
from images acquired approximately 10 mm 
above the tibial subchondral bone and par-
allel to the tibial plafond, where the anteri-
or tibial tubercle and the fibular incisura are 
most clearly defined.17 The line for the length 
of the tibial incisura was drawn tangentially 

Figure 2. Magnetic resonance imaging (MRI)-based morphometric measurements of the distal tibiofibular syndesmosis. Axial MRI images demonstrating 
morphometric measurements: (a) anterior facet length, (b) posterior facet length, (c) fibular notch depth, (d) angle between the anterior and posterior facets, (e) 
tibial thickness, and (f) fibular thickness.

Figure 3. Magnetic resonance imaging (MRI)-based morphometric measurements of the ankle. Coronal and axial MRI images demonstrating morphometric 
measurements: (a) talar articular surface width, (b) medial malleolar articular surface height, (c) lateral malleolar articular surface height, (d) length of the tibial 
incisura, (e) anterior width of the tibiofibular syndesmosis, (f) posterior width of the tibiofibular syndesmosis, and (g) tibiofibular clear space.

a

a b

c

b c
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between the most prominent portions of the 
anterior and posterior tibial tubercles. Using 
this reference, the anterior and posterior 
widths of the tibiofibular syndesmosis were 
measured from the intersections of this line 
with the tibial tubercles to the closest point 
of the fibula. The tibiofibular clear space was 
defined as the true distance between the fib-
ula and the deepest point of the tibial inci-
sura. Coronal measurements of the talocrural 
joint were obtained at the level where the 
talar articular surface was maximally visual-
ized. A reference line parallel to the superior 
cortical surface of the talus was first drawn, 
along which the talar articular surface width 
was measured. The lateral and medial malle-
olar articular surface heights were then mea-
sured as the perpendicular distances from 
this reference line to the distal margins of the 
respective malleoli.

In addition to these absolute measure-
ments, ratio-based parameters were calculat-
ed to normalize for inter-individual variations. 
These included the anterior-to-posterior fac-
et length ratio, the lateral malleolar height–
to–talar articular width ratio, the fibular 
notch depth–to–tibial thickness ratio, the 
fibular notch depth–to–fibular thickness 
ratio, the medial malleolar articular surface 
height–to–talar articular surface width ra-
tio, the lateral malleolar articular surface 
height–to–medial malleolar articular surface 
ratio, and the ratio of the anterior width of 
the tibiofibular syndesmosis to the posterior 
width. Ligament tears include injuries of the 
anterior talofibular ligament (ATFL), the pos-
terior talofibular ligament, and the deltoid 
ligament. Additionally, incidental talar dome 
osteochondral defects (OCDs) were noted. 
Ligament injuries were evaluated based on 
standard MRI criteria: Grade 1 injuries, rep-
resenting ligament sprains without fiber dis-
ruption, were classified as sprains, whereas 
grade 2 (partial tears) and grade 3 (complete 
tears) injuries were categorized as ligament 
tears for the statistical analysis. All measure-
ments were first performed independently 
by both radiologists, and these independent 
readings were used to assess inter-reader 
agreement. Subsequently, the measure-
ments were jointly reviewed, and consensus 
values were determined for each case, which 
were then used for the statistical analyses.

Statistical analysis

All statistical analyses were performed 
using IBM SPSS Statistics (version 28.0; IBM 
Corp., Armonk, NY, USA). Normality was as-
sessed using the Shapiro–Wilk test. Group 
comparisons in Dataset 1 were performed 

using the Mann–Whitney U test or Student’s 
t-test for continuous variables and chi-
square or Fisher’s exact tests for categorical 
variables. Primary and exploratory parame-
ters were evaluated using raw P values and 
false discovery rate (FDR)–adjusted q values 
to account for multiple testing. A multivari-
able logistic regression model was used to 
identify independent predictors of ligament 
tears, adjusting for age, sex, and laterality, 
and results were reported as odds ratios with 
95% confidence intervals (CIs). Model perfor-
mance was quantified using the receiver op-
erating characteristic (ROC) the area under 
curve (AUC). In Dataset 2, differences among 
controls, patients with sprains only, and pa-
tients with sprains and ligament tears were 
evaluated using the Kruskal–Wallis test, fol-
lowed by Holm-adjusted pairwise compar-
isons. A separate binary logistic regression 
model was applied to identify predictors of 
ligament tears among patients with sprains. 
For parameters that remained significant in 
multivariable analysis, optimal cut-off values 
were determined using ROC analysis based 
on the Youden index (sensitivity + specifici-
ty − 1). The Youden index was used to iden-
tify statistically optimal thresholds; however, 
clinical application may prioritize sensitivity 
or specificity depending on the clinical con-
text. For all analyses, a P value < 0.05 was 
considered statistically significant. 

Inter-reader agreement for morphomet-
ric measurements was assessed using the 
intraclass correlation coefficient (ICC) [two-
way random model, absolute agreement; ICC 
(2,1)]. Given the distributional characteristics 
of ratio-based parameters, CIs were estimat-
ed using bootstrap resampling with 2,000 
iterations. Bland–Altman analysis was addi-
tionally performed to investigate the accept-
able interval for the inter-reader differences. 

Results
A total of 203 ankle MRI examinations 

with a preliminary diagnosis of lateral ankle 
sprains, or with a report including terms such 
as “lateral ankle sprain” or “lateral ankle in-
jury,” performed between January 2022 and 
November 2025, were initially reviewed. Of 
these, 2 patients with prior lower extremi-
ty surgery, 37 with fractures, 2 with tumors 
or infection, 18 with marked degenerative 
changes, 16 with pronation–external rota-
tion or pronation–abduction injury mecha-
nisms, 5 with unclear trauma mechanisms, 
and 3 with non-diagnostic trauma were ex-
cluded according to the predefined criteria. 
The final study cohort consisted of 120 pa-
tients with a clinical history of ankle sprains. 

Among these, 77 patients (64.2%) had liga-
ment tears, which were confirmed by MRI, 
whereas 43 patients (35.8%) had no ligament 
tears. Additionally, 55 individuals with en-
tirely normal ankle MRIs were included as a 
control group. 

The mean age of the cohort was 37.1 
years (median: 38 years). Among all groups, 
98 patients (56.0%) were women and 77 
(44.0%) were men. The sprained or evaluated 
side was the left ankle in 70 patients (40.0%) 
and the right ankle in 105 patients (60.0%). 
No bilateral examinations were included. The 
mean age was 38.2 years (median: 41 years) 
in the group with ligament tears, 37.7 years 
(median: 38 years) in the group with sprains 
without tears, and 35.2 years (median: 34 
years) in the control group. Sex distribution 
was 46 women and 31 men in the group 
with ligament tears, 24 women and 19 men 
in the group with sprains without tears, and 
28 women and 27 men in the control group. 
Baseline comparisons demonstrated no sig-
nificant differences between groups in terms 
of age or sex distribution (P > 0.05).

Among the 120 patients with ankle 
sprains, ATFL tears were the most common 
injury type and were identified in 73 patients 
(60.8%). Posterior talofibular ligament tears 
were noted in 10 patients (8.3%), and deltoid 
ligament tears were identified in 20 patients 
(16.7%). All patients with deltoid ligament 
tears also had concomitant lateral ligament 
tears, and no isolated deltoid ligament tears 
were observed. Additionally, four patients 
had grade 1 OCD, 3 patients had grade 2, and 
3 patients had grade 3. 

Patients with lateral ankle sprains and liga‑
ment tears vs. healthy controls

Dataset 1 compared patients with ankle 
sprains and MRI-confirmed ligament tears 
with healthy individuals who had entirely 
normal ankle MRIs to identify morpholog-
ical features associated with ligamentous 
injuries. In this dataset, patients with ankle 
sprains and MRI-confirmed ligament tears 
demonstrated significantly greater tibiofibu-
lar clear space than the controls (P = 0.005). 
The fibular notch depth–to–tibial thickness 
ratio was significantly higher and the lateral 
malleolar height–to–talar articular width ra-
tio was significantly lower in the group with 
ligament tears than in the healthy controls 
(P = 0.034 and P = 0.019, respectively) (Ta-
ble 1). Among exploratory variables, several 
parameters reflecting distal tibiofibular mor-
phology showed FDR-significant differences. 
The anterior and posterior widths of the ti-
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biofibular syndesmosis, as well as the later-
al-to-medial malleolar height ratio, were sig-
nificantly greater in the group with sprains 
and ligament tears than in the healthy con-
trols. Conversely, the medial malleolar artic-
ular surface height and the medial malleolar 
height–to–talar width ratio were significantly 
lower in the group with sprains and ligament 
tears than in the healthy controls (Table 2).

In the multivariable logistic regression 
model for Dataset 1, tibiofibular clear space 
remained a strong and statistically signifi-
cant predictor (P = 0.004), with greater val-
ues independently associated with lateral 
ankle sprains and ligament tears. The fibular 
notch depth–to–tibial thickness ratio also 
demonstrated an independent association 
(P < 0.001). The lateral malleolar height–to–
talar articular width ratio showed a border-
line association after covariate adjustment 

(P = 0.046). The overall performance of the 
final model was good; the AUC was 0.785, in-
dicating good discriminatory ability. 

ROC analysis was additionally performed 
to identify optimal thresholds for the param-
eters that remained significant in multivari-
able analysis. For the tibiofibular clear space, 
a cut-off value of 4.3 mm yielded 66% sen-
sitivity and 67% specificity for discriminating 
ankles with tears from controls (AUC: 0.644). 

Table 2. Exploratory morphometric parameters (Dataset 1): multiple-comparison–adjusted analysis (FDR corrected) 

Parameter
Healthy controls Ligament tear group

FDR q value Effect 
Median (IQR) Median (IQR)

Medial malleolar articular surface height (mm) 11.2 
(9.6–12.9)

9.3 
(7.4–10.9) 1.7 × 10-5 Lower

Anterior width of tibiofibular syndesmosis (mm) 2.0 
(1.7–2.5)

2.5 
(1.9–3.2) 0.0148 Higher

Posterior width of tibiofibular syndesmosis (mm) 4.2 
(3.9–4.8)

5.2 
(4.7–5.8) 2.0 × 10-6 Higher

Medial malleolar height–to–talar width ratio 0.433 
(0.363–0.493)

0.358 
(0.307–0.416) 2.0 × 10-6 Lower

Lateral-to-medial malleolar height ratio 1.985 
(1.809–2.345)

2.384 
(1.991–3.015) 2.74 × 10-4 Higher

Anterior facet length of fibular notch (mm) 10.1 
(8.8–11.9)

10.1 
(8.7–12.4) ns -

Posterior facet length of fibular notch (mm) 12.0 
(10.1–13.5)

12.5 
(10.8–14.3) ns -

Fibular notch depth (mm) 3.5 
(2.8–4.5)

3.9 
(3.3–4.8) ns -

Tibial thickness (mm) 38.0 
(35.0–41.0)

36.8 
(35.1–40.1) ns -

Fibular thickness (mm) 12.8 
(11.9–13.9)

13.1 
(11.9–14.4) ns -

Lateral malleolar articular surface height (mm) 22.6 
(21.2–23.5)

21.7 
(19.9–23.0) ns -

Talar articular surface width (mm) 25.9 
(23.2–28.4)

26.0 
(23.9–28.4) ns -

Length of tibial incisura (mm) 21.1 
(19.6–22.9)

22.0 
(19.8–24.3) ns -

ns, non-significant; FDR, false discovery rate; IQR, interquartile range.

Table 1. Primary morphometric parameters (Dataset 1): comparison of patients with ligament tear vs. healthy controls

Parameter
Healthy controls Ligament tear group

Difference Test P value
Median (IQR) Median (IQR)

Tibiofibular clear space (mm) 4.1 
(3.7–4.6)

4.6 
(4.0–5.3)

+0.50 
higher MWU 0.005

Fibular notch depth–to–tibial thickness ratio 0.094 
(0.074–0.117)

0.107 
(0.084–0.131)

+0.0116 
higher t-test 0.034

Lateral malleolar height–to–talar width ratio 0.866 
(0.798–0.969)

0.833 
(0.763–0.917)

−0.0469 
lower t-test 0.019

Anterior-to-posterior facet length ratio 0.845 
(0.614–1.176)

0.794 
(0.613–1.100) No significant difference MWU 0.773

Angle between anterior and posterior facets (o) 134.9 
(128.8–142.8)

133.6 
(127.2–142.5) No significant difference MWU 0.780

IQR, interquartile range; MWU, Mann–Whitney U.
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For the fibular notch depth–to–tibial thick-
ness ratio, the optimal threshold was 0.099, 
yielding 60% sensitivity and 58% specificity, 
although its discriminatory performance was 
limited (AUC: 0.609).

Healthy controls vs. patients with sprains 
without ligament tears vs. patients with 
sprains with ligament tears

Dataset 2 was used to evaluate differ-
ences between three groups (healthy con-
trols, patients with sprains without ligament 
tears, and patients with sprains and tears) 
and to identify parameters linked to both 
sprain susceptibility and an increased risk of 
ligament tears after sprains. In this evalua-
tion, significant differences were observed 
for tibiofibular clear space (P = 0.021), the 
fibular notch depth–to–tibial thickness ratio 
(P = 0.044), and the lateral malleolar height–
to–talar articular width ratio (P = 0.012) 
(Table 3). For the tibiofibular clear space, 

post-hoc comparisons demonstrated a sig-
nificant difference between controls and 
the group with ligament tears (Holm-adjust-
ed P = 0.0143), whereas no significant differ-
ences were observed between controls and 
patients with sprains without tears or be-
tween those with sprains without tears and 
those with sprains and tears. Also, for the 
lateral malleolar height–to–talar articular 
width ratio, a significant difference was ob-
served between patients with sprains with-
out tears and those with sprains and tears 
(Holm-adjusted P = 0.0209), whereas com-
parisons involving the control group were 
not significant; this is more consistent with 
an increased risk of tears rather than sprain 
susceptibility. No significant differences 
were observed for the remaining primary 
parameters. Among exploratory variables, 
several demonstrated robust groupwise 
differences after FDR correction, many of 
which exhibited graded changes from con-

trols to patients with sprains without tears 
and finally to patients with sprains and tears 
(Table 4).

In the logistic regression model restrict-
ed to patients with ankle sprains, the later-
al malleolar height–to–talar articular width 
ratio was the only independent predictor 
of ligament tears (P = 0.025), whereas oth-
er parameters did not reach significance 
(P > 0.05). The discriminatory performance 
of the model was moderate, with an AUC 
of 0.699. ROC analysis further identified an 
optimal threshold for the lateral malleolar 
height–to–talar articular width ratio. A cut-
off value of ≤ 0.86 was associated with an in-
creased likelihood of ligament tears among 
patients with sprains, yielding a sensitivity of 
62% and a specificity of 65% according to the 
Youden index–based threshold.

Table 3. Primary morphometric parameters (Dataset 2): Comparison among controls, patients with sprains without ligament tears, and 
patients with sprains with ligament tears

Parameter Control Sprain without tear Sprain with tear P value Holm-adjusted pairwise results

Median (IQR) Median (IQR) Median (IQR)

Tibiofibular clear space (mm) 4.1 
(3.7–4.6)

4.3 
(3.7–5.2)

4.6  
(4.0–5.3) 0.0217

Control vs. tear+: 0.0143  
Control vs. tear−: ns 
Tear− vs. tear+: ns

Fibular notch depth–to–tibial 
thickness ratio

0.094 
(0.074–0.117)

0.110 
(0.087–0.136)

0.107 
(0.084–0.131) 0.0442 All pairwise ns 

Lateral malleolar height–to–talar 
articular width ratio 

0.866 
(0.798–0.969)

0.906 
(0.811–0.977)

0.833  
(0.763–0.917) 0.0126

Tear− vs. tear+: 0.0209  
Control vs. tear+: ns
Control vs. tear−: ns 

Anterior-to-posterior facet length 
ratio

0.845 
(0.614–1.176)

0.877 
(0.691–1.194)

0.794  
(0.613–1.100) 0.6499 All pairwise ns

Angle between anterior and posterior 
facets (o)

134.9 
(128.8–142.8)

134.4 
(124.8–143.3)

133.6  
(127.2–142.5) 0.8043 All pairwise ns

ns, non-significant; IQR, interquartile range.

Table 4. Exploratory morphometric parameters (Dataset 2): FDR-corrected comparison among the three groups

Parameter Control Sprain without tear Sprain with tear FDR q 
value

Pattern/effect direction

Median (IQR) Median (IQR) Median (IQR)

Posterior width of the tibiofibular syndesmosis (mm) 4.2 
(3.9–4.8)

4.7 
(4.3–5.5)

5.2 
(4.7–5.8) 0.000009 Monotonic ↑ 

(Control < tear− < tear+)

Medial malleolar height–to–talar width ratio 0.433 
(0.363–0.493)

0.346 
(0.316–0.418)

0.358 
(0.307–0.416) 0.000012 Lower in sprain groups

Lateral-to-medial malleolar height ratio 1.985 
(1.809–2.345)

2.417 
(2.233–2.880)

2.384 
(1.991–3.015) 0.000061 Higher in sprain groups

Medial malleolar articular surface height (mm) 11.2 
(9.6–12.9)

8.9
(7.7–11.4)

9.3 
(7.4–10.9) 0.000076 Lower in sprain groups

Lateral malleolar articular surface height (mm) 22.6 
(21.2–23.5)

23.1 
(21.2–24.8)

21.7 
(19.9–23.0) 0.0271 Higher in sprain groups

Anterior width of the tibiofibular syndesmosis (mm) 2.0 
(1.7–2.5)

2.3
(1.7–2.7)

2.5 
(1.9–3.2) 0.0348 Monotonic ↑ 

(Control < tear− < tear+)

Other variables - - - ns No pattern

ns: non-significant; FDR: false discovery rate; IQR, interquartile range.
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Inter-reader reliability

Inter-reader agreement for morphomet-
ric measurements ranged from fair to good. 
The highest agreement was observed for the 
fibular notch depth–to–tibial thickness ratio, 
with an ICC of 0.77 (95% CI: 0.70–0.83). Tibio-
fibular clear space demonstrated moderate 
agreement (ICC: 0.65, 95% CI: 0.53–0.74), 
whereas the angle between the anterior 
and posterior facets showed good agree-
ment (ICC: 0.72, 95% CI: 0.55–0.88). The an-
terior-to-posterior facet length ratio exhib-
ited moderate agreement (ICC: 0.58, 95% CI: 
0.41–0.71). In contrast, the lateral malleolar 
height–to–talar articular width ratio showed 
lower inter-reader agreement (ICC: 0.27, 
95% CI: 0.18–0.37). Bland–Altman analyses 
demonstrated good agreement for the an-
terior-to-posterior facet length ratio and the 
fibular notch depth–to–tibial thickness ratio, 
whereas the lateral malleolar height–to–talar 
articular width ratio showed a small system-
atic bias with wider inter-reader variability 
(Figures 4 and 5).

Discussion
In this study, we systematically evalu-

ated distal tibiofibular and talocrural joint 
morphology on MRI to determine which 
anatomical features increase the risk of an-
kle sprains and which parameters are spe-
cifically associated with an increased risk of 
ligament tears. Unlike previous research that 
typically examined either sprain-vs.-control 
differences or post-injury structural varia-
tions in isolation, our study incorporated a 
well-defined three-group design, allowing 
both sprain-related and tear-related features 
to be identified within the same analytical 
framework. Across datasets, tibiofibular clear 
space and the fibular notch depth–to–tib-
ial thickness ratio emerged as consistently 
elevated in patients with ligament tears, in-
dicating a broader syndesmotic openness 
and deepening that characterize ankles with 
confirmed tears (Figure 6). Most notably, 
the lateral malleolar height–to–talar width 
ratio distinguished tear risk, highlighting a 
lateral talocrural configuration that appears 
specifically relevant to an increased risk of 
tears rather than sprain susceptibility alone 

(Figure 7). In addition, several exploratory pa-
rameters related to syndesmotic width and 
malleolar geometry—including anterior and 
posterior tibiofibular syndesmotic width, the 
lateral-to-medial malleolar height ratio, me-
dial malleolar articular surface height, and 
the medial malleolar height–to–talar width 
ratio—also demonstrated FDR-significant 
differences. These findings further support 
the presence of structural differences in dis-
tal tibiofibular configuration among patients 
with ligament tears.

Several of our findings are supported by 
prior MRI-based morphometric studies in-
vestigating distal tibiofibular and talocrural 
anatomy in lateral ankle instability. Vieira et 
al.11 demonstrated that syndesmotic geom-
etry and malleolar–talar relationships play 
a critical role in ankle sprain susceptibility, 
reporting significant alterations in fibular 
notch–related ratios and malleolar parame-
ters in patients with sprains. Similarly, Ataoğ-
lu et al.15 showed that variations in anterior 
and posterior facet lengths, tibial thickness, 
and fibular notch–based ratios were associ-
ated with arthroscopically proven ankle in-
stability. Our findings are in line with these 
observations, particularly with respect to 
the fibular notch depth–to–tibial thickness 
ratio and lateral malleolar height–to–talar 
width ratios, supporting the concept that 
reduced osseous containment predisposes 
the ankle to instability. However, import-
ant distinctions differentiate our study from 
these earlier works. Both Vieira et al.11 and 
Ataoğlu et al.15 primarily focused on compar-
ing patients with unstable or sprain-positive 
ankles to control groups, without stratifying 
patients according to ligament integrity. By 
separately analyzing patients with sprains 
with and without MRI-confirmed ligament 
tears, our study extends this framework and 
demonstrates that although several mor-
phometric parameters are already altered in 

Figure 4. Inter-reader reliability analysis. ICC, intraclass correlation coefficient; CI, confidence interval; 
ANGLE_APF, angle between anterior and posterior facets; R-AB, anterior-to-posterior facet length ratio; R-IJ, 
lateral malleolar height to talar articular width ratio; R-DE, fibular notch depth to tibial thickness ratio; TCS, 
tibiofibular clear space.

Figure 5. Bland–Altman plots for ratio-based measurement. R-AB, anterior-to-posterior facet length ratio; R-DE, fibular notch depth to tibial thickness ratio; R-IJ, 
lateral malleolar height to talar articular width ratio.
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patients with sprains, only a subset—most 
notably the lateral malleolar height–to–ta-
lar articular width ratio—is independently 
associated with a ligament tear rather than a 
sprain alone. Additionally, our inclusion of ti-
biofibular clear space and anterior–posterior 
syndesmotic width measurements provided 
further insight into syndesmotic openness, 
parameters that were not evaluated in prior 
studies. 

In another study, Lee et al.8 reported that 
the medial malleolar length–to–talar width 
ratio was associated with lateral ankle frac-
tures in the ankle injury group. In our study, 
however, we found that lateral malleolar–
related measurements demonstrated sig-
nificant groupwise differences and showed 

changes from controls to injured groups. 
Unlike Lee et al.,8 whose analysis primarily 
focused on the presence of sprains and lig-
ament tears, our study further evaluated 
progression within injured patients. In this 
context, we identified the lateral malleolar 
height–to–talar articular width ratio as a spe-
cific discriminator of an increased risk of tears 
rather than sprain susceptibility alone.

Fibular position and syndesmotic config-
uration have been increasingly recognized 
as key contributors to ankle instability. Pri-
or works have demonstrated that altered 
fibular positioning is associated with lateral 
ankle instability.13,16 For example, Berkowitz 
and Kim13 reported that a more posteriorly 
positioned fibula within the ankle mortise 

was significantly more common in patients 
undergoing lateral ankle stabilization pro-
cedures, suggesting that fibular malposi-
tion may be associated with an increased 
risk of chronic ankle instability. Also, Liu 
et al.16 showed that specific shapes of the 
distal tibiofibular syndesmosis, particular-
ly a shallow incisura, were associated with 
an increased risk of recurrent lateral ankle 
sprains. Although these studies primarily re-
lied on qualitative classification or positional 
assessment, our work extends this concept 
by quantitatively integrating syndesmotic 
width, fibular notch depth, and ratio-based 
morphometric parameters within a unified 
analytical framework. In our cohort, fibular 
notch depth–related ratios were significant-
ly increased in patients with ligament tears, 
supporting the role of syndesmotic open-
ness and reduced fibular containment in lig-
ament failure. 

Although most primary morphometric 
parameters demonstrated good to moderate 
inter-reader agreement, the lateral malleolar 
height–to–talar articular width ratio showed 
comparatively lower ICC values in this study. 
This finding likely reflects the composite 
nature of this parameter, which may be in-
fluenced by slice selection variability. In con-
trast, other parameters rely on more sharp-
ly defined boundaries, resulting in higher 
reproducibility. Importantly, despite lower 
reproducibility, consensus measurements 
still demonstrated that the lateral malleolar 
height–to–talar articular width ratio emerg-
es as an independent predictor of ligament 
tears in multivariable analyses. For improved 
standardization and to facilitate potential 
clinical application in future studies, we de-
scribe the measurement approach in detail. 

Figure 7. Axial and coronal ankle magnetic resonance imaging of a 46-year-old man presenting with an 
ankle sprain demonstrates a tear of the anterior talofibular ligament (arrow in Figure 7a). Morphometric 
analysis (Figure 7b) reveals a decreased lateral malleolar height (a)–to–talar articular width (b) ratio of 0.79, 
which falls below the identified cut-off value (≤ 0.86) associated with an increased likelihood of ligament 
tears. 

Figure 6. Axial ankle magnetic resonance imaging of a 48-year-old patient presenting with an ankle sprain demonstrates a complete tear of the anterior talofibular 
ligament (arrow in Figure 6a). Quantitative morphometric assessment (Figure 6b and 6c) shows an increased tibiofibular clear space (a: 6.9 mm), exceeding the 
identified cut-off value of 4.3 mm. Additionally, the fibular notch depth (b)–to–tibial thickness (c) ratio is elevated (0.15), surpassing the threshold value of 0.099. 

a

a b

b c
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On coronal MRIs, a reference line was first 
drawn parallel to the superior cortical sur-
face of the talus at the level where the talar 
articular surface was maximally visualized. 
The talar articular width was measured along 
this line. On the same slice, the lateral mal-
leolar articular height was measured as the 
perpendicular distance from this reference 
line to the distal tip of the lateral malleolus. 
The inferior boundary of the measurement 
corresponded to the level where the talo-
fibular ligament originates from the fibula. 
All measurements were initially performed 
independently by two radiologists for in-
ter-reader reliability analysis, and the values 
used for the final statistical analyses were ob-
tained through consensus.

An additional consideration when inter-
preting our findings is the potential influ-
ence of post-traumatic changes on certain 
morphometric measurements. Parameters 
reflecting syndesmotic width, especially 
tibiofibular clear space, may partially repre-
sent secondary widening related to ligament 
disruption rather than purely predisposing 
anatomical configurations. In contrast, fib-
ular notch depth–related measurements or 
the lateral malleolar height–to–talar articular 
width ratio represent geometric relation-
ships between bony structures. Furthermore, 
the observation that the lateral malleolar 
height–to–talar articular width ratio differ-
entiates patients with sprains and ligament 
tears from those without tears supports its 
potential role as a predisposing anatomical 
factor rather than solely a consequence of 
trauma.

This study has several limitations. First, 
it has a retrospective design and was per-
formed at a single institution. However, the 
sample size was considered adequate for 
the regression analyses. Second, MRI exam-
inations were performed on both 1.5-T and 
3.0-T scanners. Although the same routine 
institutional protocol was used, this may 
still have introduced technical variability. 
However, as the evaluated parameters pri-
marily represent osseous morphometric 
measurements, substantial effects of field 
strength differences on these measure-
ments are unlikely. Third, the healthy con-
trol group includes individuals with entirely 
normal ankle MRIs, but no long-term clini-
cal follow-up was performed. Therefore, 
we cannot definitively confirm that none 
of these individuals would later sustain an 
ankle sprain. Fourth, our study did not in-
clude clinical information such as activity 
levels or dynamic/weight-bearing assess-
ments, which may have provided additional 

insights. Neurological conditions that could 
predispose patients to ankle sprains were 
not systematically evaluated due to the ret-
rospective design. In addition, further anal-
ysis according to partial vs. complete tears 
was not performed because of the limited 
sample size. Future studies with larger co-
horts may help clarify this point. Another 
limitation is the inclusion of both pediatric 
and adult patients, which may introduce 
heterogeneity related to skeletal maturity 
and epiphyseal closure status. Although age 
was included as a covariate in the analyses, 
subgroup analyses according to maturity 
were not performed. Finally, although the 
cohort size was relatively large, subgroup 
analyses may have been underpowered to 
detect smaller effect sizes. 

In conclusion, this study indicates that 
specific MRI-based morphologic features of 
the distal tibiofibular syndesmosis and ta-
locrural joint are associated with both sus-
ceptibility to ankle sprains and an increased 
risk of ligament tears. From a clinical per-
spective, the identified morphometric pa-
rameters may represent different stages of 
structural predisposition and injury. The fib-
ular notch depth–to–tibial thickness ratio 
appears to reflect an underlying anatomical 
predisposition related to reduced osseous 
containment of the distal tibiofibular joint. 
Tibiofibular clear space may partly repre-
sent secondary widening associated with 
ligament disruption and, therefore, may 
reflect structural changes in ankles with 
confirmed tears. Finally, the lateral malle-
olar height–to–talar articular width ratio, 
which independently differentiated pa-
tients with sprains and ligament tears from 
those without tears, may represent a transi-
tion indicator for increased susceptibility to 
ligament tears following a sprain. Although 
these parameters alone cannot determine 
clinical outcomes, together they provide 
complementary morphologic information 
that may help improve structural risk strati-
fication. Reporting markedly abnormal val-
ues may help identify patients at higher risk 
of ligament tears following ankle sprains. 
However, the discriminatory performance 
of these morphologic parameters was 
moderate to good, and the findings should 
be interpreted cautiously until validated in 
independent cohorts. Future prospective 
studies incorporating clinical and function-
al outcomes are required to validate these 
findings and to confirm the clinical utility 
of these morphometric parameters in risk 
stratification and individualized manage-
ment. 
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O R I G I N A L  A R T I C L E

N E U R O R A D I O L O G Y

PURPOSE
To evaluate the association of the three-dimensional (3D)-modelled sphericity index of brain  ar-
teriovenous malformation (AVM) with nidus obliteration rate and time following Gamma Knife® 
Radiosurgery (GKRS), and to compare the predictive value of the AVM nidus sphericity index with 
previously established morphological predictors, such as AVM volume. 

METHODS
This institutional review board-approved retrospective study included 44 patients with cerebral 
AVMs who underwent single-session or hypofractionated GKRS between 2020 and 2023. Patients 
who received multimodal therapy, including prior endovascular embolization or microsurgical re-
section of the AVM nidus, were excluded. A minimum follow-up of 24 months was required for 
study inclusion. The primary endpoint was defined as complete angiographic obliteration follow-
ing the initial GKRS, without any latent intracranial hemorrhage requiring hospitalization or surgical 
intervention. Pretreatment threshold-based semi-automatic segmentation of the AVM nidus was 
performed to obtain its volume and surface area, from which the sphericity index (Φ) was calcu-
lated.

RESULTS
Nineteen (43.2%) AVMs achieved obliteration at a mean of 35.7 ± 11.4 months, whereas 25 (56.8%) 
had residual nidus at 43.7 ± 13.4 months. Sphericity values were more compact and stable, whereas 
volume showed wide variability across the groups. The median volume of obliterated AVMs was 
1.6 (3.9) cm3, and the median volume for AVMs with residual nidus was 4.9 (13.7) cm3 (P = 0.002). 
Median AVM sphericity was 0.53 (0.26) for obliterated AVMs and 0.32 (0.19) for AVMs with residual 
nidus (P = 0.003). Sphericity demonstrated fair discriminative performance, comparable to AVM vol-
ume (Φ cut-off: 0.41; sensitivity 79%, specificity 68%, area under the curve: 0.77). However, optimal 
cut-off values of 0.30 and 0.66 yielded a sensitivity and specificity of 100% and 96%, respective-
ly. Kaplan–Meier analysis revealed a shorter median obliteration time for high-sphericity AVMs (> 
0.41) compared with low-sphericity AVMs (45 vs. 60 months, P = 0.001). Among patient-related and 
morphological parameters, sphericity was associated with earlier AVM obliteration (hazard ratio: 
36.29, 95% confidence interval: 2.89–454.37, P = 0.005), although it did not remain an independent 
predictor in multivariate analysis.

CONCLUSION
This preliminary study found that higher AVM nidus sphericity was associated with increased oblit-
eration rates and shorter time to obliteration following GKRS. Although not an independent pre-
dictor, sphericity exhibited a more stable distribution than volume, suggesting its potential as a 
complementary 3D biomarker for predicting radiosurgical outcomes of AVMs.

CLINICAL SIGNIFICANCE
AVM nidus sphericity may serve as a practical 3D geometric biomarker for predicting long-term 
outcomes following GKRS.

KEYWORDS
Arteriovenous malformation, Gamma Knife Radiosurgery, magnetic resonance imaging, Spetzler–
Martin grade, sphericity

You may cite this article as: Şentürk YE, Cantürk EM, Peker A, Yüzkan S, Peker S. Prognostic value of nidus sphericity in brain AVMs treated with Gamma Knife 
Radiosurgery: a preliminary study. Diagn Interv Radiol. 2026;32(4):510-518.

Received 15 September 2025; revision requested 24 
October 2025; accepted 27 November 2025.

Handling editor: Gülgün Yılmaz Ovalı

Corresponding author: Yunus Emre Şentürk 

E-mail: ysenturk@kuh.ku.edu.tr

1Koç University Hospital, Department of Radiology, 
İstanbul, Türkiye

2Koç University Hospital, Department of 
Neurosurgery, İstanbul, Türkiye

 Yunus Emre Şentürk1

 Enes Muhammed Cantürk1

 Ahmet Peker1

 Sabahattin Yüzkan1

 Selçuk Peker2

Prognostic value of nidus sphericity in brain AVMs treated with Gamma 
Knife Radiosurgery: a preliminary study

Epub: 13.01.2026

Publication date: 01.07.2026

DOI: 10.4274/dir.2025.253651

Diagn Interv Radiol 2026; DOI: 10.4274/dir.2025.253651

https://orcid.org/0000-0002-0661-7867
https://orcid.org/0000-0003-4216-5180
https://orcid.org/0000-0002-4913-6860
https://orcid.org/0000-0002-3066-1737
https://orcid.org/0000-0003-3057-3355



 

AVM nidus sphericity in Gamma-Knife Radiosurgery • 511

Cerebral arteriovenous malformations 
(AVM) are rare complex vascular ab-
normalities with an annual incidence 

of 1.12 per 100,000 person-years.1 The annu-
al hemorrhage rate is 2.2% for unruptured 
AVMs and 3.0% for ruptured AVMs. The risk 
of hemorrhage is mostly associated with pri-
or hemorrhage, deep location, presence of 
deep venous drainage, and associated aneu-
rysms.2 Cerebral AVM management remains 
under debate, especially for unruptured 
AVMs. Current strategies include observa-
tion, microsurgical resection, endovascular 
embolization, and stereotactic radiosurgery, 
or various combinations of these methods. 
Of these, the radiosurgical approach, par-
ticularly Gamma Knife® Radiosurgery (GKRS), 
is a well-recognized and effective approach 
for smaller and compact AVMs.3,4 For larger 
AVMs [Spetzler–Martin (SM) grades 4 and 
5], cerebral AVM treatment often requires a 
multimodal approach, including GKRS and 
neoadjuvant endovascular embolization to 
achieve AVM obliteration.5 However, some 
reports have suggested that pre-GKRS ne-
oadjuvant endovascular embolization may 
hinder accurate AVM delineation in high-
grade AVMs during treatment planning and 
promote collateralization around the nidus, 
potentially reducing the likelihood of oblit-
eration.6 Although this remains controversial 
and neoadjuvant endovascular embolization 
is the more favored approach, GKRS alone 
may be considered for high-grade AVMs (SM 
grades 4 and 5) in some centers, typically re-
quiring staged hypofractionated sessions to 
reduce nidus volume while preventing latent 
hemorrhage, which otherwise carries an an-
nual bleeding risk of 2%–4% or more if un-
treated.7 Nevertheless, achieving complete 
obliteration with standalone GKRS remains 
the primary endpoint for SM grade 4 and 5 
AVMs, with reported rates ranging between 
33% and 53%.8

Morphological determinants of cerebral 
AVM response to GKRS were comprehensive-
ly assessed in the largest pooled meta-analy-
sis, which comprised 12 cohorts.9 In addition 

to marginal dose, this study mostly examined 
the effect of AVM nidus size, volume, venous 
drainage pattern, anatomical location, and 
SM grade to GKRS response. The most im-
pactful predictor of obliteration was a small-
er AVM volume (< 10 cm³), which consist-
ently emerged as the strongest independent 
parameter associated with AVM obliteration 
following GKRS. Similarly, a lower SM grade 
correlated with higher obliteration rates; 
however, this effect was largely confound-
ed by nidus size in multivariate modeling. 
Interestingly, the presence of deep venous 
drainage was associated with an increased 
probability of obliteration, although its con-
tribution was far less pronounced than AVM 
volume. In contrast, deeper location and a 
history of prior embolization were identified 
as independent negative predictors, reduc-
ing the long-term AVM obliteration rate fol-
lowing GKRS. 

Besides the classical morphological de-
terminants for GKRS response of AVMs, the 
current segmentation techniques can allow 
measurement of three-dimensional (3D) fea-
tures of AVMs and their potential impact on 
response status. In this context, a series study 
reported that a more compact AVM achieves 
better obliteration, and claimed that, in addi-
tion to nidus size, a well-defined AVM margin 
relative to brain parenchyma is another ben-
eficial feature for achieving better radiosur-
gery response.10 In addition to the compact-
ness index—which quantifies the vascular 
proportion of the AVM nidus relative to the 
surrounding brain parenchyma—the sphe-
ricity index provides a numerical measure 
of a 3D structure, describing how closely the 
nidus approximates a perfect sphere and 
thereby reflecting the degree of AVM nidus 
dispersion. In contrast to the compactness 
of AVM, the sphericity of AVM measurement 
is a ratio of surface area to volume, which is 
most sensitive to AVM nidus elongation, lob-
ulation, and surface irregularities that were 
mostly demonstrated in studies with solid tu-
mors.11,12 Regardless of the maximal diameter 
of AVMs, lower sphericity represents higher 
AVM surface area, thereby indicating more 
contact with surrounding brain parenchyma. 
This is an underexplored 3D parameter in the 
context of AVMs, with the first report demon-
strating that low-nidal sphericity below 0.44 
was strongly correlated with a high-risk of 
seizure incidence in AVMs.13

This preliminary study assesses the asso-
ciation between AVM nidus sphericity and 
the cerebral AVM obliteration in patients 
treated exclusively with single-session or 
hypofractionated GKRS, without adjunctive 

endovascular embolization or microsurgery. 
Furthermore, the study evaluates the predic-
tive performance of sphericity and compares 
it with established parameters, such as AVM 
volume, in achieving obliteration following 
GKRS.

Methods

Study participants and neuroimaging  
follow-up

This single-center retrospective study was 
approved by the Clinical Ethical Committee of 
the Koç University Ethical Committee on Hu-
man Research (protocol number: 2025.386.
IRB2.174, approval date: 11.09.2025). Given 
the retrospective design, informed consent 
was waived. 

The inclusion criterion for this study 
comprised patients with AVMs who under-
went GKRS at Koç University Hospital be-
tween January 2020 and December 2023. 
The following criteria determined exclusion: 
patients 1) aged < 3 years; 2) with active im-
aging surveillance of < 24 months following 
GKRS;14 and 3) who had undergone prior 
neoadjuvant endovascular embolization or 
open surgical resection with residual cere-
bral AVM nidus. During the study period, a 
total of 168 patients with AVMs were treat-
ed with GKRS. Of these, 27 had undergone 
prior embolization, and 11 had prior surgical 
resection with residual nidus. Seventy-six 
cases did not meet the minimum 24-month 
follow-up requirement. After applying these 
exclusion criteria, 44 AVMs were eligible for 
final analysis. The patient selection flowchart 
is presented in Figure 1. The AVMs were grad-
ed according to the SM classification system.

All patients underwent annual imaging 
surveillance with time-of-flight (ToF) mag-
netic resonance angiography (MRA) and 
contrast-enhanced 3D T1-VIBE magnetic res-
onance imaging (CE-MRI). After 24 months, 
if no residual nidus was detected on MRA 
with CE-MRI, digital subtraction angiogra-
phy (DSA) was performed to confirm AVM 
obliteration, defined as the absence of a vis-
ible nidus and early cerebral venous filling. 
If a residual nidus was detected beyond 24 
months on MRA with CE-MRI, repeat GKRS 
was performed, and follow-up imaging was 
continued with MRA every 6 months until no 
residual nidus was observed. Final confirma-
tion of AVM obliteration was then obtained 
via DSA. The primary endpoint was defined 
as complete AVM obliteration following 
GKRS without major delayed hemorrhage 
necessitating hospitalization or surgical in-

Main points

•	 Predicting long-term obliteration of brain 
arteriovenous malformations (AVMs) fol-
lowing Gamma Knife® Radiosurgery (GKRS) 
remains challenging.

•	 AVM nidus sphericity quantifies surface ir-
regularity or elongations as a novel three-di-
mensional geometric biomarker.

•	 Higher nidus sphericity is associated with 
earlier and more frequent AVM obliteration 
following GKRS.
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tervention. The need for a second single or 
hypofractionated GKRS during follow-up 
did not preclude meeting the primary end-
point, as, according to the series conducted 
by Chung et al.,15 angiographic obliteration is 
often expected in an average of 66 months 
even after repeated GKRS sessions.

 Gamma Knife Radiosurgery procedure and 
dose planning 

On the day of radiosurgery, stereotactic 
MRI and computed tomography (CT) were 
obtained without a frameless workflow. The 
stereotactic MRI protocol included isotropic 
3D T2-SPACE (slice thickness: 1.5 mm; TR/TE: 
2,500/321 ms; field of view: 230 × 230 mm; 
flip angle: 150°) and 3D post-contrast T1-VIBE 
(slice thickness: 1.5 mm; TR/TE: 11/4.7 ms; 
field of view: 230 × 230 mm; flip angle: 23°), 
both acquired on the same 1.5 T scanner. A 
3D ToF-MRA sequence was also obtained 
(slice thickness: 1.5 mm; TR/TE: 25/7 ms; 
field of view: 230 × 230 mm; flip angle: 25°). 
In addition, a thin-slice stereotactic CT (slice 
thickness: 1.0 mm) was acquired with the 
head oriented parallel to the scanner table. 
The 3D post-contrast T1-VIBE, 3D T2-SPACE, 
and ToF-MRA datasets were rigidly fused in 
the  GammaPlan planning system (Elekta AB, 
Stockholm, Sweden) for AVM nidus delinea-
tion. Stereotactic CT was used for distortion 
correction. When the AVM nidus was poorly 
visualized on both post-contrast T1-VIBE and 

ToF-MRA sequences, or when a dural/pial 
arteriovenous fistula or incomplete visuali-
zation of feeding arteries was suspected, ad-
ditional two-dimensional (2D) biplanar DSA 
(posteroanterior and lateral projections) was 
performed to improve nidus delineation. In 
the present series, 2D biplanar DSA runs were 
co-registered in 11 (25%) cerebral AVM cases 
as an additional fourth element to the fused 
MRI stacks within the GammaPlan vascular 
module to improve AVM nidus delineation.

All patients were treated using the Lek-
sell Gamma Knife® Icon™ (Elekta AB, Stock-
holm, Sweden) system. Mild sedation was 
administered, and a stereotactic frame was 
applied to achieve rigid head fixation. Treat-
ment planning was performed individually 
using the GammaPlan module planning 
system with semiautomatic segmentation 
of the AVM nidus. Here, GKRS plans were 
generated to achieve the highest possible 
conformity to the segmented nidus while 
excluding feeding arteries. Isodose shaping 
was accomplished using multiple small iso-
centers to minimize dose to the perinidal 
brain parenchyma. The coverage index, de-
fined as the percentage of nidus volume en-
compassed by the prescription (minimum) 
dose, was maintained at ≥ 95% for all target-
ed AVM volumes. The selectivity index was 
maintained above 0.75 for all AVM cases. The 
conformity index, representing the ratio be-
tween the prescription isodose volume and 

the AVM nidus volume, typically ranges be-
tween 1.0 and 1.5. A steep dose fall-off strat-
egy (high-gradient index) was systematical-
ly preferred to avoid irradiation of adjacent 
eloquent parenchyma. Hence, the gradient 
index was maintained under 3 in all AVMs, 
and the marginal prescription isodose was 
set to the 50% isodose line. All single-fraction 
GKRS procedures were performed using the 
Leksell G frame. 

Patients with an AVM < 3 cm and lo-
cated in non-eloquent brain regions were 
typically treated with single-session GKRS, 
with marginal doses ranging from 15–25 
Gy depending on nidus volume and prox-
imity to critical structures. For larger AVMs 
(> 3 cm), or for cases with high-risk features 
(e.g., intranidal aneurysm, tortuous high-
flow deep venous drainage, history of prior 
hemorrhage), or AVMs located in eloquent/
critical regions (brainstem, optic tracts, co-
rona radiata, perirolandic cortex, etc.), a hy-
pofractionated GKRS scheme was used. This 
consisted of five consecutive daily fractions, 
each delivering 3–6 Gy, to reduce the risk of 
radiation-induced toxicity in adjacent white 
matter tracts and to minimize the chance 
of post-treatment hemorrhage. In the 5-day 
hypofractionated GKRS protocol, the frame-
less thermoplastic mask system was used to 
ensure reproducible positioning throughout 
all treatment fractions. Before each session, 
cone-beam CT verification was performed to 
confirm accurate head positioning and align-
ment with the treatment plan. An infrared 
laser marker was used to monitor any abnor-
mal immobilization of the mask during the 
GKRS treatment.

Segmentation and image processing

All anonymized MRI data were analyzed 
by a neuroradiologist with 6 years of ex-
perience in the field of neuroimaging. The 
radiologist was blinded to all clinical infor-
mation of the patients during the analysis. 
Three-dimensional volumetric T1-weighted 
gradient-echo images (3D T1-VIBE; voxel 
size: 1.0 × 1.0 × 1.0 mm) were imported into 
3D Slicer (version 5.8.1; https://www.slicer.
org) for image processing and sphericity 
analysis. Although both CE-3D T1-VIBE and 
ToF-MRA were performed, only the CE-T1-
VIBE sequence was used as the reference 
dataset for AVM segmentation; ToF-MRA was 
not registered with the CE-T1-VIBE images, 
since flow-related signal attenuation and sat-
uration effects in the former frequently lead 
to underestimation of the nidus size, par-
ticularly in regions of slow or turbulent flow. 
 Flow-related signal attenuation in the AVM Figure 1. Summary flow chart of the study group selection process. AVM, arteriovenous malformation.
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nidus was more evident in the larger aneu-
rysm (nidus size > 3 cm) in ToF-MRA, which 
potentially biased the segmentation and led 
to a more artificially contracted nidus relative 
to an isotropic CE-T1-VIBE series. 

The AVM nidus was initially delineated 
semiautomatically using a threshold-based 
segmentation approach on  CE 3D T1-VIBE 
images. This process captured the enhancing 
nidus together with adjacent vascular struc-
tures, including feeding arteries, draining 
veins, and portions of normal vasculature. To 
refine the segmentation, the scissors tool in 
3D Slicer was used to manually remove non-
nidal vessels. An approximate 3-mm margin 
was preserved at the interface with feeding 
arteries to avoid inadvertent over-cutting 
of the nidus. The resulting volume was then 
rendered as a 3D surface. The segmentation 
method is illustrated in Figure 2. In contrast 
to prior radiomics studies of solid brain tum-
ors, no Gaussian voxel-smoothing algorithm 
was applied since surface smoothing sub-
stantially inflates surface area measurements 
and artificially increases sphericity. Following 
completion of manual segmentation, the 
segment statistics module in 3D Slicer was 
used to compute the voxel-based volume 
and the surface mesh geometry of the AVM 
nidus. Given isotropic voxel dimensions of 
1.0 mm³, volume was calculated directly 
from voxel counts. Sphericity (Φ) was derived 
from volume (V) and surface area (A) using 
the following formula:

Statistical analysis

All statistical analyses were performed 
using IBM SPSS Statistics, version 28.0 (IBM 
Corp., Armonk, NY, USA). The analyses were 
primarily conducted by one of the authors 
(Y.E.S.), and all results were independent-
ly reviewed and verified by the co-authors, 
each of whom has substantial experience 
in medical statistics and data interpretation. 
Descriptive statistics were calculated for 
continuous variables, whereas categorical 
variables were summarized as frequencies 
and percentages. Normality of distribution 
for continuous variables was assessed using 
the Shapiro–Wilk test. The primary endpoint 
was defined as long-term GKRS outcome 
(> 24 months), dichotomized as complete 
obliteration vs. residual nidus. Group com-
parisons were performed according to the 
status of the primary endpoint. Normally 
distributed continuous variables were com-
pared using the independent-samples t-test, 

whereas non-normally distributed variables 
were analyzed using the Mann–Whitney U 
test. Categorical variables were compared 
using Pearson’s chi-square test.  To assess seg-
mentation reproducibility, one co-rater (A.P.) 
independently segmented the AVM nidus 
across the entire cohort. Inter-rater reliability 
for AVM volume and sphericity was evaluat-
ed using the intraclass correlation coefficient 
(ICC) derived from a two-way mixed-effects 
model. The diagnostic performance of AVM 
nidus sphericity and volume was evaluated 
using  receiver operating characteristic (ROC) 
analysis, and optimal cut-off values were de-
termined using the maximum Youden index 
in addition to maximum sensitivity and spec-
ificity strategies. Based on this threshold, 
AVMs were dichotomized into high-spheric-
ity vs. low-sphericity groups. Kaplan–Mei-
er survival analysis was then conducted to 
evaluate the association between sphericity 
status and time to obliteration following 
GKRS. Patients with residual AVM nidus who 
remained under imaging surveillance were 
censored at their last follow-up. Finally, uni-
variate and multivariate Cox proportional 
hazards regression models were constructed 
to assess the relationship between time to 

obliteration and AVM morphologic parame-
ters, age, and sex. A P value < 0.05 was con-
sidered statistically significant in all analyses.

Results

Patient demographics and Gamma Knife 
Radiosurgery outcomes 

A total of 44 patients (22 women/22 men) 
were deemed eligible for the study. The aver-
age follow-up time after the GKRS was 44.2 
± 15.7 months. Nineteen (43.2%) patients 
with AVM achieved the primary endpoint 
by displaying obliteration of the AVM ni-
dus with a mean obliteration time of 35.7 ± 
11.4 months. Out of 19 obliterated AVMs, 4 
(13.8%) required a second GKRS with a mean 
marginal dose of 15.8 ± 1.5 Gy. Twenty-five 
(56.8%) patients with AVM did not achieve 
the primary endpoint and showed residu-
al nidus despite marked volume reduction, 
with a mean last follow-up time after GKRS 
of 43.7 ± 13.4 months. Each of these cases 
required a second GKRS retreatment with a 
mean marginal dose of 20.2 ± 6.3 Gy. The pa-
tient demographics, GKRS parameters, and 
basic AVM features are listed in Table 1. 

Figure 2. Illustration of brain arteriovenous malformation (AVM) segmentation. (a, c, d) Segmentation was 
performed on isotropic T1-weighted gradient-echo images (voxel size: 1.0 mm) for sphericity analysis. The 
AVM nidus was initially delineated semi-automatically using a threshold-based segmentation approach 
to distinguish the nidus from the surrounding brain parenchyma. Subsequently, the scissor tool was used 
to manually remove non-nidal vessels, such as feeding arteries beyond a 3-mm safety margin from the 
central nidus and large draining veins exiting the nidus. (b) Volume rendered three-dimensional view of 
segmented left insular AVM nidus. The Gaussian smoothing algorithm was exclusively avoided to prevent 
misrepresentation of the surface area. The measured AVM nidus surface area (A) was 21.16 cm², the nidus 
volume (V) was 2.68 cm³, and the calculated sphericity index (Φ) was 0.44 for this patient. The arrow shows 
an intranidal aneurysm. 

a

c

b

d
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Among the 19 patients who achieved 
AVM obliteration, none experienced major 
intracranial hemorrhage requiring surgical 
intervention or hospitalization. One patient 
developed a minor localized hemorrhage 
at the site of the treated nidus following a 
single session of GKRS. In contrast, among 
the 25 patients with residual AVM nidus, 2 
presented with self-limited subarachnoid 
hemorrhage within 1 year after GKRS, both 
requiring hospitalization without surgical or 
endovascular intervention.

Sphericity and volume analysis of arterio‑
venous malformation in response to Gam‑
ma Knife Radiosurgery 

Table 2 summarizes the distribution of 
patients, treatment characteristics, and AVM 
morphology according to GKRS response. 
Hypofractionated GKRS was 8.8-times more 
frequent in AVMs with residual nidus com-
pared with those achieving obliteration (P = 
0.005). There was a trend toward significance 
in the marginal dose, with residual AVMs re-
ceiving a median of 25 (12) Gy vs. 20 (6) Gy 

in obliterated AVMs (P = 0.060). Retreatment 
was required in four (13.8%) obliterated 
AVMs and in each of the residual AVMs, cor-
responding to a 7.3-fold-higher likelihood of 
retreatment in the residual group (P = 0.001). 
The median AVM volume was 4.9 cm³ in the 
residual group and 1.6 cm³ in the obliterated 
group (P = 0.002). Likewise, the median AVM 
sphericity was 0.53 in obliterated AVMs and 
0.32 in those with residual nidus (P = 0.001). 
Among patients achieving the primary end-
point, AVM size of 3–6 cm was the most fre-
quent category (11 cases, 57.9%), whereas 
in the residual group, AVM size > 6 cm pre-
dominated (13 cases, 52%) (P = 0.046). In line 
with this, the distribution of SM grade dif-
fered between groups, with SM grade 3 most 
common in obliterated AVMs and SM grade 4 
most prevalent in residual AVMs (P = 0.021).

 Inter-rater reliability of segmented arterio‑
venous malformation volume and sphericity 

 The ICC was 0.94 [95% confidence inter-
val (CI): 0.55–0.99] for AVM volume and 0.97 
(95% CI: 0.86–0.99) for sphericity, indicating 
excellent inter-rater reliability in both pa-
rameters. However, the lower bound of the 
95% CI for AVM volume was less than the ICC 
threshold of 0.70, commonly regarded as the 
cut-off for good agreement, suggesting that 
AVM volume measurements may be more 
susceptible to segmentation-related varia-
bility.

Receiver operating characteristic curve 
analysis of arteriovenous malformation 
volume and sphericity for predicting long-
term radiosurgical response

The ROC analysis results for AVM sphe-
ricity and volume are presented in Table 3. 
Here, AVM nidus sphericity demonstrated 
fairly good discriminative performance and a 
moderate positive correlation with long-term 
obliteration following GKRS (Spearman’s ρ: 
0.45, P = 0.002). This finding indicates that as 
nidus sphericity increases, the likelihood of 
AVM obliteration following GKRS rises. The 
optimal sphericity cut-off of 0.41, derived 
from the best Youden index (0.469), yielded 
a sensitivity of 79%, specificity of 68%, and 
an area under the curve (AUC) of 0.77. The 
highest sensitivity (100%) was achieved at 
a cut-off of 0.30, whereas the highest speci-
ficity (96%) was achieved at a cut-off of 0.66. 
In contrast, AVM volume showed a moderate 
negative correlation with GKRS response 
(Spearman’s ρ: –0.42, P = 0.004). The distri-
bution of AVM volume was highly variable, 
with extreme outliers particularly evident in 
large nidus sizes, ranging from 0.06 to 60.7 

Table 1. Patient demographics, AVM features, and GKRS outcomes 

Characteristic Total (n = 44)

Primary endpoint, n (%)

Obliteration 19 (43.2%)

Residual nidus 25 (56.8%)

Age, (mean ± SD) 25.3 ± 13.4

Sex, n (%)

Male 22 (50%)

Female 22 (50%)

Follow-up, mo (mean ± SD) 44.2 ± 15.7

Time to obliteration, mo (mean ± SD) 35.7 ± 11.4

Marginal dose, (50 % isodose line), Gy, (mean ± SD) 22.8 ± 7.1

Retreatment rate, n (%) 29 (65.9%)

Latent bleeding following GKRS, n (%) 3 (6.8%)

Location, n (%)

Lobar 32 (72.8%)

Cerebellum 4 (9.1%)

Thalamus 3 (6.8%)

Corpus callosum 2 (4.5%)

Basal ganglia 1 (2.3%)

Brain stem 2 (4.5%)

Nidus size, cm

< 3 cm 20 (45.5%)

3–6 cm 17 (38.6%)

> 6 cm 7 (15.9%)

Intranidal aneurysm, n (%) 11 (25%)

Deep venous drainage, n (%) 27 (61.4%)

Spetzler–Martin grade, n (%)

2 8 (18.2%)

3 18 (40.9%)

4 14 (31.8%)

5 4 (9.1%)

Clinical presentation, n (%)

Asymptomatic 20 (45.5%)

Seizure 15 (34.1%)

Bleeding 4 (9.1%)

Sensorimotor symptoms 4 (9.1%)

Visual symptoms 1 (2.2%)

AVM, arteriovenous malformation; GKRS, Gamma Knife Radiosurgery; SD, standard deviation
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cm³. This wide variability negatively impact-
ed the robustness of volume-based cut-offs 
for predicting long-term GKRS outcomes. For 
the AVM nidus volume, the best cut-off value 
was 1.61 cm³, which achieved a sensitivity of 
53%, specificity of 92%, and AUC of 0.78, with 
the highest Youden index of 0.450. Maximum 
sensitivity (100%) was achieved at a 0.14-cm³ 
cut-off, whereas maximum specificity (100%) 
was observed at a 15.6-cm³ cut-off. Figure 3 
illustrates a more stable and compact distri-
bution of AVM nidus sphericity values com-
pared with AVM volume, which demonstrat-
ed pronounced variability across the group.

 Effect of arteriovenous malformation mor‑
phologic features on obliteration time fol‑
lowing Gamma Knife Radiosurgery 

When patients were stratified by AVM 
sphericity according to the optimal cut-off (≤ 
0.41: low sphericity, > 0.41: high sphericity), 
the median time to obliteration following 
GKRS was 45 months in the high-sphericity 
group and 60 months in the low-sphericity 
group (P = 0.001), indicating a faster oblit-
eration rate in AVMs with higher sphericity. 
Twenty-five patients with residual AVM ni-
dus who did not reach the primary endpoint 
were censored in the survival analysis, as il-
lustrated in Figure 4.

The impact of demographic and morpho-
logical factors on long-term AVM obliteration 
was first evaluated using a univariate Cox 
proportional hazards model. Variables that 
reached statistical significance were subse-
quently entered into a multivariate model 
to explore interdependence. The results are 
summarized in Table 4.  Among the dose- and 
treatment-related variables, both the hypof-
ractionation scheme and the use of multi-
ple-isocenter treatment plans demonstrated 
only a trend toward a reduced hazard of ear-
lier AVM obliteration without reaching statis-
tical significance (P = 0.060 for both). Among 
the morphological predictors, increased 
AVM sphericity had the highest positive 
hazard with faster obliteration [hazard ratio 
(HR): 36.29, 95% CI: 2.89–454.37, P = 0.005], 
in contrast, larger AVM volume (HR: 0.88, 95% 
CI: 0.78–0.98, P = 0.026) and higher SM grade 
(HR: 0.39, 95% CI: 0.21–0.71, P = 0.002) were 
inversely associated with the early AVM oblit-
eration, although their absolute hazard were 
notably smaller than that of sphericity. When 
these three morphological variables were 
analyzed together in the multivariate model, 
none retained independent predictive signif-
icance, suggesting that the predictive effect 
of sphericity is attenuated when adjusted for 
AVM volume and SM grade. Further variance 
inflation factor analysis yielded values of 2.82 
for sphericity, 1.72 for volume, and 2.37 for 
SM grade, all below the conventional thresh-
old for severe multicollinearity. Nevertheless, 
the limited sample size likely reduced the 
stability and independent predictive power 
of these parameters in the multivariate set-
ting.

Discussion
The present preliminary study high-

lights the prognostic value of the surface 
area-based sphericity index in predicting 
cerebral AVM obliteration following GKRS. 
In this preliminary cohort, higher sphericity 
was associated with both improved long-
term AVM nidus obliteration outcomes and 
earlier achievement of obliteration following 
GKRS treatment. Unlike solid brain tumors 

Table 2. Comparison of demographic data, AVM morphological features, and GKRS 
parameters based on treatment outcomes

Variable Obliterated AVM 
nidus (n = 19)

Residual AVM 
nidus (n = 25)

P value

Age, (mean ± SD) 27.4 ± 15.8 23.7 ± 11.4 0.371

Sex (F/M), 10/9 12/13 0.763

Fractionation scheme (single/hypofractionated), n 15/4 11/14 0.005

Marginal dose, median [IQR] 20 [6] 25 [12] 0.060

Multiple-isocenter GKRS plan, n (%) 16 (84.2%) 24 (96%) 0.410

Number of isocenters per nidus, median [IQR] 9 [12] 13 [8.0] 0.204

Retreatment rate, n (%) 4 (13.8%) 25 (100.0%) 0.001

Retreatment dose, median [IQR] 15 [9] 16 [10] 0.090

AVM volume cm3, median [IQR] 1.6 [3.9] 4.9 [13.7] 0.002

AVM surface area, cm2 median [IQR] 13.4 [26.3] 44.2 [84.9] 0.001

AVM sphericity, Φ, median [IQR] 0.53 [0.26] 0.32 [0.19] 0.003

Nidus size 0.046

< 3 cm 1 (5.3%) 6 (24%)

3–6 cm 11 (57.9%) 6 (24%)

> 6 cm 7 (36.8%) 13 (52%)

Intra-nidal aneurysm, n (%) 5 (26.3%) 6 (24%) 0.861

Deep venous drainage, n (%) 10 (52.6%) 7 (28.0%) 0.103

Spetzler–Martin grade, n (%) 0.021

2 6 (31.6%) 2 (8%)

3 10 (52.6%) 8 (32%)

4 2 (10.5%) 12 (48%)

5 1 (5.3%) 3 (12%)

AVM, arteriovenous malformation; GKRS, Gamma Knife Radiosurgery; IQR, interquartile range; SD, standard 
deviation; F, female; M, male

Table 3. Performance of AVM sphericity and volume in achieving the obliteration of AVM after the GKRS

Variable Cut-off Youden index AUC Accuracy Sensitivity,% Specificity, %

Sphericity 0.30 0.440 0.77 0.64 100 44

Sphericity 0.41 0.469* 0.77 0.73 79 68

Sphericity 0.66 0.223 0.77 0.64 26 96

Volume, cm3 0.14 0.118 0.78 0.43 100 16

Volume, cm3 1.61 0.450* 0.78 0.75 53 92

Volume, cm3 15.6 0.280 0.78 0.57 28 100

*Highest Youden index value. AVM, arteriovenous malformation; GKRS, Gamma Knife Radiosurgery; AUC, area under the curve
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or metastases, AVMs are inherently irregu-
lar and non-spherical structures; therefore, 
the sphericity values in the current study 
were lower than those typically reported in 
studies with solid tumors.11,12 Nevertheless, 
obliterated AVMs demonstrated a median 
sphericity of 0.53 (0.26), compared with 0.32 
(0.19) in AVMs with residual nidus. Using an 
optimal cut-off of 0.41, high-sphericity AVMs 
achieved obliteration at a median of 45 
months, vs. 60 months in the low-sphericity 
group.  These findings suggest that an AVM 
nidus with high sphericity correlates with 

shorter AVM obliteration time, whereas AVM 
volume and SM grade exert relatively small-
er effects. However, sphericity did not retain 
independent predictive value in multivariate 
analysis for the AVM obliteration time, likely 
attributable to the limited sample size of the 
study. 

Previous reports have consistently em-
phasized the nidus volume as the most robust 
structural feature for AVM obliteration.9,16,17 
Although our findings support this, the vol-
ume-based distribution of cerebral AVMs is 

extremely heterogeneous in the previous 
studies, leading to difficulties in determining 
the useful volume thresholds for achieving 
AVM obliteration. Marked differences in cer-
ebral AVM volume make the pre-radiosurgi-
cal AVM volume clinically impractical to use 
as a prognostic parameter.  Another caveat 
concerning AVM volume lies in the lack of 
knowledge on the extent of the nidal vascu-
lar distribution, such as a more compact AVM 
or dispersed AVM nidus may have a closer 
absolute AVM volume, although marginal 
radiation dose and time of obliteration, as 
well as the latent time to hemorrhage may 
differ from one another.18 Therefore, the 3D 
features of AVM can be further elucidated to 
build a prognostic model for GKRS response. 
In the present cohort, the distribution of 
absolute nidal sphericity values effectively 
reflected the degree of surface irregularity 
within the nidus. The therapeutic principle of 
GKRS is based on endothelial injury and sub-
sequent progressive fibrointimal hyperplasia 
leading to occlusion of the AVM nidus.19 Ac-
cording to the radiomics-based tumor-shape 
study by Limkin et al.,20 as sphericity decreas-
es, intra-nidal irregularities and dispersion 
are expected to increase. Accounting for this 
consideration, a highly spherical AVM nidus 
can be expected to receive a more uniform 
radiation dose; however, when multiple iso-
centers and complex plugging techniques 
are applied, uniform dose distribution can be 
achievable across variable 3D nidus confor-
mations. In our cohort, 40 (89.9%) AVMs were 
treated using a multiple-isocenter, complex 
plugging strategy, whereas only 4 cases were 

Figure 3. Boxplots showing the distribution of arteriovenous malformation (AVM) sphericity (Φ) and volume (V) according to treatment outcome, which is defined 
as residual vs. obliterated AVM nidus following Gamma Knife Radiosurgery. Sphericity index (a) showed a more compact and stable distribution compared with AVM 
volume (b), which demonstrated wide variability and substantial overlap between groups. 

Figure 4. Kaplan–Meier analysis of arteriovenous malformation (AVM) obliteration time based on nidus 
sphericity. The AVMs were dichotomized according to the sphericity threshold of 0.41 (low sphericity: ≤ 0.41, 
high sphericity: > 0.41). Obliteration is defined as the primary endpoint. The median time to obliteration was 
45 months for AVMs with a high-sphericity nidus and 60 months for AVMs with a low-sphericity nidus (P = 
0.001). GKRS; Gamma Knife® Radiosurgery. 
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treated with a single, unplugged isocenter. 
The median number of isocenters did not 
differ significantly between the obliterated 
and residual AVM groups, suggesting that 
the use of multiple-isocenter planning is a 
consistent requirement across diverse nidus 
geometries to ensure therapeutic coverage. 
Therefore, the more favorable long-term 
obliteration outcomes observed in highly 
spherical AVMs may not be attributed only to 
distributed dose heterogeneity in the nidus 
but also to intrinsic anatomical factors, such 
as increased nidal vessel volume relative to 
surface area, which may enhance the effec-
tive bioavailability of therapeutic radiation 
even in complex AVM conformations.21

Earlier AVM obliteration has traditionally 
been associated with low nidus volume (< 
10 cm³) and lower SM grades. More recently, 
Pacini et al.22 suggested that a high compact-
ness index of the AVM nidus can be noted as a 
single independent quantitative predictor of 
AVM obliteration, demonstrating strong pre-
dictive capacity (AUC: 0.82; sensitivity: 97%; 
specificity: 52%). Our preliminary findings 
in this smaller cohort suggested that higher 
nidal sphericity is also associated with earli-
er AVM obliteration. However, the predictive 
performance of the sphericity index was not 
as robust as that of the compactness index in 
that series. Nonetheless, the direct compari-
son is not feasible as our cohort uniquely in-
cluded AVMs treated exclusively with GKRS, 
whereas the Pacini et al. study comprised a 
larger group treated by multimodal strate-
gies including endovascular embolization 
and open microsurgery.22 Similar to the com-
pactness index, our study demonstrated that 
a sphericity value > 0.41 may have predictive 
utility in achieving earlier AVM obliteration. 
Conceptually, compactness is defined as the 

vascular density within the parenchyma en-
compassing the AVM nidus,23 whereas sphe-
ricity reflects surface irregularities and is pre-
sumed to be more sensitive to lobulations 
within an AVM nidus.24 Notably, two AVM ni-
duses with similar compactness values may 
differ substantially in terms of lobulation or 
sphericity.  Therefore, integrating both com-
pactness and sphericity indices as 3D param-
eters of AVM nidus, or developing automat-
ed software to calculate them, represents a 
promising research area that may offer new 
insights and facilitate early prediction of AVM 
obliteration following GKRS. 

This study has several limitations, with the 
first being the retrospective single-center 
design and relatively small cohort size. The 
small cohort size may have reduced the sta-
tistical power for multivariate analysis, where 
the sphericity alone did not retain independ-
ent predictive capacity for AVM obliteration 
time. Nevertheless, the cohort was homoge-
neous, comprising only brain AVMs treated 
exclusively with GKRS. Second, AVM nidus 
segmentation was manually performed 
with semi-automated refinement, which 
is susceptible to inter-observer variability. 
Although the contouring was performed 
carefully and surface smoothing was avoid-
ed to preserve true geometric complexity, 
a certain extent of segmentation bias re-
mains possible. Third, heterogeneity of treat-
ment parameters, including marginal dose 
selection and use of hypofractionated vs. 
single-session GKRS, could have confound-
ed AVM obliteration outcomes. Moreover, 
the compactness index was not specifically 
evaluated in this cohort, as the segmented 
3D AVM nidus in the 3D Slicer environment 
did not precisely correspond to the planned 
treatment volume delineated by the pre-

scription isodose boundaries within the ra-
diosurgical treatment planning system. This 
discrepancy between anatomical and dosim-
etric segmentation volumes precluded relia-
ble computation of the compactness index 
within the same workflow. Finally, although 
this study highlights the potential of sphe-
ricity as a novel geometric parameter, the 
absence of external validation of AVM nidus 
sphericity measurements represents another 
limitation, and the methodology should be 
further verified in larger independent co-
horts. In the future, we plan to continue the 
analysis with a larger cohort.

In conclusion, the sphericity of the AVM ni-
dus represents a measure of intra-nidal irreg-
ularity and elongation, and, therefore, the ex-
tent of nidal vascular surface area contacting 
the surrounding brain parenchyma. Although 
most AVM niduses do not approximate a true 
spherical shape, relatively higher sphericity 
values (Φ > 0.41) were moderately associ-
ated with improved radiosurgical response 
and higher obliteration rates.  Compared with 
the absolute AVM nidus volume, the sphe-
ricity exhibited far more stable distribution, 
highlighting its potential role in refining 
prognostic models following GKRS. However, 
sphericity alone did not retain independent 
predictive value for AVM obliteration time, 
likely due to the limited sample size, which 
highlights the need for external validation. 
Despite these limitations, the present find-
ings suggest that AVM nidus sphericity repre-
sents a practical and promising 3D geometric 
marker that warrants further validation in 
larger multicenter series to establish its pre-
dictive role for AVM obliteration.

Table 4. Cox proportional hazards model of AVM sphericity, morphological features, and demographics in relation to time to obliteration 
following GKRS

Univariate ( n = 44) Multivariate ( n = 44)

Predictor HR (95% CI) P HR (95% CI) P

Age (year) 1.02 (0.99–1.07) 0.191

Sex (female) 0.91 (0.38–2.21) 0.712

Total marginal dose 0.95 (0.88–1.03) 0.213

Fractionation scheme (hypofractionated) 0.24 (0.06–1.04) 0.060

Multiple-isocenter GKRS plan 0.29 (0.12–1.04) 0.060

Number of isocenters per nidus 1.03 (0.96–1.10) 0.394

Spetzler–Martin grade 0.39 (0.21–0.71) 0.002 0.45 (0.160–1.29) 0.142

Intra-nidal aneurysm 1.04 (0.36–2.99) 0.936

AVM volume (cm3) 0.88 (0.78–0.98) 0.026 0.94 (0.82–1.08) 0.383

AVM sphericity 36.29 (2.89–454.37) 0.005 0.430 (0.01–59.74) 0.734

AVM, arteriovenous malformation; HR, hazard ratio; GKRS, Gamma Knife Radiosurgery, CI, confidence interval
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N E U R O R A D I O L O G Y

Dear Editor,

I read with great interest the article by Bayar-Kapıcı et al.1 evaluating the diagnostic sensi-
tivity of a multimodal large language model (MLLM) in detecting intracranial hemorrhage in 
non-contrast cranial computed tomography. The authors are to be commended for address-
ing a timely and clinically relevant topic and for providing a systematic evaluation of an MLLM 
in the context of acute neuroimaging.

The reported findings offer valuable insight into the current capabilities and limitations of 
MLLMs in image-based diagnostic tasks. In particular, the observed performance of MLLMs 
in subtle and borderline hemorrhagic findings may be interpreted in light of the inherent 
diagnostic complexity of these cases. In routine clinical practice, such findings often fall into 
a diagnostic gray zone, in which a degree of interpretive variability is unavoidable. From this 
perspective, discordance between an MLLM’s output and the reference interpretation may, 
in part, reflect intrinsic diagnostic uncertainty rather than the true inadequacy of the model.

The image-only evaluation framework employed in the study represents a deliberately 
controlled and methodologically sound approach. However, given the reasoning-based ar-
chitecture of MLLMs, diagnostic behavior may reasonably be influenced by the availability of 
a minimal, clinically relevant context. The inclusion of limited clinical cues—such as trauma 
history, anticoagulant use, or the patient’s overall clinical condition—may provide a more rep-
resentative assessment of how these models could function in real-world decision-support 
scenarios. In this regard, recent evidence suggests that prompt engineering and input condi-
tions play a decisive role in how MLLMs integrate the clinical context with imaging data, with 
measurable effects on diagnostic performance.2 Collectively, these observations underscore 
the synergistic role of clinical contexts in diagnostic reasoning.

Another aspect worth considering is the reliance on one or two preselected image slices 
for evaluation. Radiologic interpretation in clinical practice often benefits from reviewing ad-
jacent slices across an image series together with dynamic window and level adjustments, 
particularly for subtle hemorrhagic findings or for distinguishing a true pathology from arti-
facts. Evaluation based on isolated images without the ability to adjust window settings, al-
though practical for experimental design, may therefore differ from routine diagnostic work-
flows and influence measured performance metrics.

Finally, although sensitivity remains a critical metric, the potential for incorrect affirmative 
or negative outputs in the absence of sufficient contextual and visual grounding represents 
an important safety consideration, particularly in high-stakes neuroimaging scenarios, in 
which confidently presented but incorrect model outputs may have clinical consequences. 
Future investigations incorporating clinically realistic prompts, slice-to-slice correlation with 
adjustable windowing, and human-in-the-loop frameworks may help clarify how MLLMs—
designed to jointly process visual and textual information—can best be integrated into clin-
ical practice as assistive tools rather than standalone diagnostic systems. Within such frame-
works, human–artificial intelligence collaboration, in which MLLMs support radiologists by 
highlighting potential abnormalities while final interpretation and decision-making remain 
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clinician driven, may represent the most ap-
propriate and safest paradigm for clinical de-
ployment.

I congratulate the authors on this valu-
able contribution and hope that these con-
siderations may support continued efforts to 
develop clinically meaningful and safe appli-
cations for MLLMs in radiology. 
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